Gunjan Jeswani, Ajita Khichariya (Eds.)
Micro- and Nano-emulsion Technologies



Also of interest

- Ethics in Nanotechnology.

NANO- Emerging Technologies Aspects

Marcel Van de Voorde, Gunjan Jeswani (Eds.), 2021
ISBN 978-3-11-070181-4, e-ISBN 978-3-11-070188-3

- .cs? Ethics in Nanotechnology.

Social Sciences and Philosophical Aspects
Marcel Van de Voorde, Gunjan Jeswani (Eds.), 2021
ISBN 978-3-11-071984-0, e-ISBN 978-3-11-071993-2

Handbook of Nanoethics

Jeswani, van de Voorde (Eds.), 2021

ISBN 978-3-11-066923-7, e-ISBN (PDF) 978-3-11-066928-2,
e-ISBN (EPUB) 978-3-11-066947-3

Nano-Safety.

What We Need to Know to Protect Workers

Fazarro, Sayes, Trybula, Tate, Henks (Eds.), 2023

ISBN 978-3-11-078182-3, e-ISBN (PDF) 978-3-11-078183-0,
e-ISBN (EPUB) 978-3-11-078195-3

Hydrogels.

Antimicrobial Characteristics, Tissue Engineering, Drug Delivery Vehicle
Khan, Rauf, Xu (Eds.), 2024

ISBN 978-3-11-133349-6, e-ISBN (PDF) 978-3-11-133408-0,

e-ISBN (EPUB) 978-3-11-133422-6

Emulsions.

Formation, Stability, Industrial Applications

Tadros, 2016

ISBN 978-3-11-045217-4, e-ISBN (PDF) 978-3-11-045224-2,
e-ISBN (EPUB) 978-3-11-045226-6




Micro- and
Nano-emulsion
Technologies

Pharmaceutical Design, Pharmaceutical Development, and
Drug Delivery

Edited by
Gunjan Jeswani and Ajita Khichariya

DE GRUYTER



Authors

Dr. Gunjan Jeswani

School of Pharmacy

Shri Shankaracharya Professional University
Bhilai 490020

Chhattisgarh

India

Dr. Ajita Khichariya

Kamla Institute of Pharmaceutical Sciences
Shri Shankaracharya Professional University
Bhilai 490020

Chhattisgarh

India

ISBN 978-3-11-159362-3
e-ISBN (PDF) 978-3-11-159365-4
e-ISBN (EPUB) 978-3-11-159383-8

Library of Congress Control Number: 2025942293

Bibliographic information published by the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists this publication in the Deutsche Nationalbibliografie;
detailed bibliographic data are available on the Internet at http://dnb.dnb.de.

© 2026 Walter de Gruyter GmbH, Berlin/Boston, Genthiner StralRe 13, 10785 Berlin
Cover image: Yevhenii Khil/iStock/Getty Images Plus

Typesetting: Integra Software Services Pvt. Ltd.
Printing and binding: CPI books GmbH, Leck

www.degruyterbrill.com

Questions about General Product Safety Regulation:

productsafety@degruyterbrill.com


http://dnb.dnb.de
http://www.degruyterbrill.com
mailto:productsafety@degruyterbrill.com

Foreword

The realm of pharmaceutical sciences is witnessing a paradigm shift in drug delivery
technologies, where precision, efficacy, and patient-centric approaches are at the fore-
front of innovation. In this context, micro- and nanoemulsions have emerged as revo-
lutionary platforms, bridging the gap between traditional drug formulations and mod-
ern nanotechnology-driven therapeutics.

Their ability to encapsulate hydrophobic drugs, improve bioavailability, and en-
sure controlled or sustained release makes them ideal carriers for oral, transdermal,
transnasal, ophthalmic, and parenteral drug delivery systems. Hence, they are posi-
tioned as pivotal components in advanced pharmaceutical formulations. These emul-
sions reduce systemic toxicity and side effects, thereby improving patient compliance.
Their nanoscale structure facilitates deep tissue penetration, making them particu-
larly effective for oncology, neurological disorders, dermatology, and vaccine deliv-
ery. Furthermore, micro/nanoemulsions are being integrated into cosmeceuticals and
wound healing formulations, enhancing therapeutic efficacy through superior skin
permeation and bioactive delivery.

With continued advancements in formulation science, characterization techni-
ques, and regulatory frameworks, micro/nanoemulsions are set to redefine pharma-
ceutical innovation, paving the way for next-generation drug delivery systems that
are more effective, safer, and patient-friendly.

This book is a meticulously compiled resource that captures the essence of these
cutting-edge drug delivery systems. The editors have successfully focused on one of
the most promising drug delivery systems and have comprehensively covered all the
important areas in this field. This book will serve as a valuable guide for researchers,
formulators, and industry professionals, helping them advance research, optimize for-
mulations, and aid in manufacturing innovative pharmaceutical products.

With contributions from leading experts, this book is a testament to the collective
efforts of researchers in advancing the frontiers of micro/nanoemulsion technologies.
As we stand at the intersection of pharmaceutical nanotechnology and therapeutic in-
novation, this compilation will undoubtedly inspire future research, drive technologi-
cal advancements, and contribute to improving patient care through superior drug
delivery mechanisms.

Dr. Deependra Singh
Chairman, Education Regulations Committee,
Pharmacy Council of India

https://doi.org/10.1515/9783111593654-202






Foreword

The appeal of microemulsions and nanoemulsions lies in their versatility and effec-
tiveness. As industries push the boundaries of what’s possible, the demand for cut-
ting-edge drug delivery systems and high-performance cosmetic formulations has
grown exponentially. These technologies offer solutions that were once considered
unattainable — efficient transdermal delivery, increased stability of bioactive com-
pounds, and targeted release mechanisms that promise to revolutionize therapeutic
and cosmetic sciences.

Notable examples from the market underscore the transformative impact of
these technologies. In the pharmaceutical sector, products like sandimmun Neoral, a
microemulsion formulation of cyclosporine, have significantly improved the oral bio-
availability of the drug, ensuring more consistent therapeutic effects for transplant
patients.

This book is a timely and comprehensive exploration of these advancements. It
brings together a wealth of knowledge on the formulation, characterization, and appli-
cations of microemulsions and nanoemulsions. Each chapter is thoughtfully crafted,
guiding readers through the complexities of emulsion science. The discussions extend
to practical challenges and emerging trends, making this book an invaluable resource
for researchers, practitioners, and industry leaders.

Notably, this volume goes beyond the basics. It delves into specialized applica-
tions, such as the role of nanoemulsions in transnasal drug delivery, their efficacy in
anticancer treatments, and their promising applications in wound healing and cosme-
ceuticals. The inclusion of clinical studies and real-world examples further enhances
the book’s relevance, bridging the gap between theoretical research and practical im-
plementation.

As we move forward, the importance of these technologies in developing effective
and targeted drug delivery systems cannot be overstated. This book not only captures
the current state of the art but also serves as a catalyst for future research. It is a
must-read for anyone committed to advancing the fields of pharmaceutical develop-
ment and formulation science.

Ajit Singh
Chairman, ACG Group
Email: ajit.singh@acg-world.com

https://doi.org/10.1515/9783111593654-203
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Gunjan Jeswani and Ajita Khichariya
Introduction

Micro- and nanoemulsions have emerged as revolutionary systems in pharmaceutical
science due to their exceptional ability to enhance the solubility, stability, and bio-
availability of therapeutic agents. These colloidal dispersions, characterized by their
nanoscale droplet size and thermodynamic stability, have opened new avenues for
effective drug delivery across various routes, including oral, transdermal, and paren-
teral. The development of micro- and nanoemulsion systems integrates principles of
nanotechnology with pharmaceutical design, enabling precise control over drug re-
lease profiles and targeted delivery. This book aims to provide a comprehensive un-
derstanding of micro- and nanoemulsion technologies, focusing on their formulation,
characterization, and diverse applications in medicine, consumer products, and in-
dustry.

Evolution of emulsion, microemulsion,
and nanoemulsion

Origin of emulsions: natural emulsiogenesis

The earliest emulsions formed naturally on the Earth about 34 billion years ago with
the emergence of waterborne microbes. These microorganisms produced organic hy-
drocarbon molecules that aggregated into liquid oil droplets dispersed in water, creat-
ing the first natural oil-in-water emulsions. Over time, photosynthetic phytoplankton,
bacteria, algae, and fungi significantly increased hydrocarbon production, leading to
large crude oil deposits around 300 million years ago. This period saw the formation
of both oil-in-water and water-in-oil emulsions naturally within porous reservoir
rocks.

Early human use and definition

The term “emulsion” originates from the Latin word emulgere meaning “to milk out,”
inspired by the milky-white dispersions secreted by plants approximately 300-400

Gunjan Jeswani, School of Pharmacy, Shri Shankaracharya Professional University, Bhilai 490020,
Chhattisgarh, India

Ajita Khichariya, Kamla Institute of Pharmaceutical Sciences, Shri Shankaracharya Professional
University, Bhilai 490020, Chhattisgarh, India

https://doi.org/10.1515/9783111593654-001
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million years ago. Emulsions, by definition, consist of droplets of one immiscible lig-
uid phase dispersed in another, stabilized by surfactants or amphiphilic agents. The
invention of the homogenizer by Gaulin in 1900 marked a significant advancement in
emulsion technology, enabling the production of submicron droplets through high-
pressure homogenization.

Evolution of microemulsions

The term “microemulsion” was first introduced by J.H. Schulman in 1959 to describe
systems that form spontaneously due to a dramatic reduction in interfacial tension.
Unlike traditional emulsions, microemulsions are thermodynamically stable systems
with nanoscale droplets typically ranging from 10 to 100 nm. They consist of multiple
components, such as water, oil, surfactants, and sometimes cosurfactants, which self-
assemble into various structures like spherical micelles or bicontinuous phases.

Microemulsions differ fundamentally from conventional emulsions in that they
do not require external energy for formation but rely on spontaneous emulsification
driven by entropy and low interfacial tension. The introduction of the phase inversion
temperature (PIT) method further expanded the scope of microemulsions by enabling
their formation through temperature-induced changes in surfactant solubility.

Emergence of nanoemulsions

The concept of nanoemulsions emerged in the late twentieth century, gaining significant
traction due to advancements in nanotechnology. Unlike microemulsions, nanoemul-
sions are kinetically stable but thermodynamically unstable systems with droplet sizes
ranging from 20 to 200 nm. They require external energy inputs, such as high-pressure
homogenization or ultrasonication for formation. Nanoemulsions are particularly val-
ued in pharmaceuticals for their ability to enhance drug bioavailability and stability.

The first peer-reviewed article mentioning nanoemulsions was published in 1996
by Calvo et al, although the term was inconsistently used with “submicron emul-
sions.” The rapid growth in publications on nanoemulsions around 2010 reflects their
rising importance, surpassing microemulsions in research focus due to their versatil-
ity in drug delivery, cosmetics, and food industries.

Process of emulsification

The emulsification process for micro- and nanoemulsions involves creating stable disper-
sions of immiscible liquids, such as oil and water, with the help of surfactants. This pro-
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cess can be broadly categorized into high-energy and low-energy methods, each offering
distinct advantages based on the desired application and properties of the emulsion.

High-energy methods

High-energy methods rely on external mechanical forces to break down larger drop-
lets into nanoscale droplets. These techniques include:

High-pressure homogenization: Involves forcing the oil-water mixture through
a narrow orifice at high pressure, causing intense shear forces that break down
droplets into nanometric sizes. This method is particularly effective for producing
kinetically stable nanoemulsions.

Ultrasonication: Utilizes ultrasonic waves to generate cavitation forces that frag-
ment oil droplets into smaller sizes. This technique is efficient for producing both
nanoemulsions and microemulsions with a uniform size distribution.
Microfluidization: A specialized form of homogenization in which the mixture is
passed through microchannels, creating high shear and turbulence, resulting in
smaller and uniform droplets.

These methods are characterized by their ability to produce nanoemulsions that re-
main kinetically stable due to their small droplet size, which prevents coalescence
and flocculation.

Low-energy methods

Low-energy methods take advantage of the intrinsic physicochemical properties of
the emulsion components, utilizing spontaneous emulsification mechanisms without
external forces. Key techniques include:

PIT: Involves adjusting the temperature to invert the phases (oil-in-water to
water-in-oil or vice versa). As the temperature crosses a critical point, the sponta-
neous formation of small droplets occurs.

Spontaneous emulsification: This method involves mixing the oil phase containing
a lipophilic surfactant with the aqueous phase. As the surfactant diffuses, it creates
interfacial turbulence, leading to the spontaneous formation of nano-sized droplets.
Self-emulsifying drug delivery systems: These are mixtures of oil, surfactant,
and drug that spontaneously form nano- or microemulsions upon contact with
aqueous fluids, enhancing drug solubilization and bioavailability.

The low-energy methods are particularly useful for systems where maintaining ther-
modynamic stability is crucial, such as in microemulsions that form spontaneously
under equilibrium conditions.
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Patented technology

Ascendia’s EmulSol® technology creates stable, optically clear nanoemulsions without
relying on organic solvents and using minimal cosurfactants, thanks to a high-
pressure homogenization process. By carefully selecting specific long-chain triglycer-
ides and combining them with an ionizable surfactant, Ascendia has eliminated the
need for organic solvents in its formulation approach. Although EmulSol formulations
are prepared through a conventional homogenization process, the proprietary blend
of oils and surfactants results in a physically stable suspension of oil droplets in the
water phase, making the formulation safer for administration. Removing solvents re-
duces injection site irritation, making the technology particularly suitable for pediat-
ric applications, while minimizing surfactants enhances both safety and chemical sta-
bility. Ascendia has applied this innovative technology to develop its lead pipeline
product, ASD-002, a novel injectable form of the antithrombotic drug clopidogrel.

Key differences in emulsification of micro-
and nanoemulsions

— Thermodynamic/Kkinetic stability
— Emulsions are kinetically stable.
— Microemulsions are thermodynamically stable, forming spontaneously with-
out external energy, but they are sensitive to changes in temperature and di-
lution.
— Nanoemulsions are kinetically stable, requiring external energy for their for-
mation but remain stable under temperature and dilution changes.
— Droplet size and uniformity
— Emulsions have larger droplet sizes (1-100 yum).
— Microemulsions generally form smaller and more uniform droplets (10—
100 nm) with a clear or translucent appearance.
— Nanoemulsions can have a wider range of droplet sizes (20-500 nm) and typi-
cally appear milky.
— Miniemulsions offer smaller droplets (100-500 nm).
— Surfactant requirements
— Microemulsions require a high concentration of surfactants and sometimes
cosurfactants to stabilize the interface; therefore, they are thermodynami-
cally stable and help prevent Ostwald ripening.
— Nanoemulsions can be stabilized with lower surfactant concentrations, mak-
ing them preferable for certain pharmaceutical applications.
— Miniemulsions offer improved stability due to the presence of cosurfactants.
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The choice of emulsification process is thus dictated by the intended application, de-
sired stability, and physicochemical characteristics of the active ingredients.

Key breakthrough applications
In medicine

Micro- and nanoemulsions have demonstrated immense potential in medical applica-
tions, particularly in enhancing the therapeutic efficacy of poorly water-soluble
drugs. One of the breakthrough applications of microemulsions in medicine is demon-
strated by the cyclosporin microemulsion formulation (Neoral®), which has signifi-
cantly enhanced the pharmacokinetic profile of cyclosporin compared to its standard
oil-based formulation. The microemulsion system allows for more consistent and
rapid absorption, higher peak blood concentrations, and reduced intra- and interpa-
tient variability. These advantages translate to improved therapeutic outcomes in
renal and liver transplantation by minimizing the risk of graft rejection and optimiz-
ing immunosuppression. Additionally, the microemulsion formulation is less affected
by food and bile, making it particularly beneficial for patients with hepatic dysfunc-
tion or biliary diversion.

Similarly, breakthrough applications of nanoemulsions in medicine are exempli-
fied by Diprivan®, a commercially available nanoemulsion formulation of propofol,
which is widely used as a general anesthetic. The nanoemulsion system of Diprivan®
significantly enhances the solubility and bioavailability of propofol, allowing for
rapid onset and short duration of action, which are critical for procedures requiring
quick induction and recovery from anesthesia. The formulation is stabilized using egg
lecithin as a surfactant, which helps in maintaining the kinetic stability of the nano-
sized oil droplets and prevents coalescence. Additionally, the small droplet size in the
nanoemulsion facilitates a larger surface area for absorption, leading to more predict-
able pharmacokinetics and reduced pain on injection compared to conventional mac-
roemulsions. This advancement demonstrates the potential of nanoemulsions to im-
prove the safety, efficacy, and patient compliance of injectable drugs, making
Diprivan® a landmark example in the clinical application of nanoemulsion tech-
nology.

In consumer products
The utilization of micro- and nanoemulsions extends beyond pharmaceuticals to con-

sumer products, including cosmetics, personal care, and nutraceuticals. Their ability
to enhance the solubility of active ingredients and provide a smooth, non-greasy feel
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has led to their widespread adoption in skincare formulations, sunscreens, and hair
care products. This section explores the role of emulsions in achieving product stabil-
ity, improved sensory properties, and enhanced efficacy.

In industrial sector

In the industrial sector, micro- and nanoemulsions are employed for their superior
dispersion capabilities, enhanced mass transfer, and stability. Applications span from
agrochemicals, where they improve pesticide delivery and reduce environmental im-
pact, to the oil and gas industry, where they aid in enhanced oil recovery and corro-
sion inhibition. The section examines case studies highlighting the economic and op-
erational benefits of these systems in various industrial processes.

Challenges

Microemulsions and nanoemulsions, despite their promising applications, face sev-
eral challenges in their development and commercialization. One major hurdle is ter-
minological confusion due to the overlap in droplet size ranges and the inconsistent
use of terms like “low-energy emulsification” for both systems, making it difficult to
clearly differentiate them. Additionally, achieving and maintaining long-term stability
is complex, as nanoemulsions are thermodynamically unstable and prone to coales-
cence, creaming, and Ostwald ripening over time. Microemulsions, while thermody-
namically stable, require high surfactant concentrations that can raise toxicity con-
cerns, especially in pharmaceutical applications. Furthermore, scaling up production
while maintaining narrow droplet size distributions and consistent performance re-
mains a technical challenge. Advanced techniques like microfluidization and ultraso-
nication have improved size control, but these methods can be energy-intensive and
may not always be feasible for large-scale manufacturing. Overcoming these chal-
lenges is crucial for harnessing the full potential of micro- and nanoemulsions across
diverse industries.

Conclusion

The evolution of emulsions, microemulsions, and nanoemulsions represents a re-
markable journey from naturally occurring systems to sophisticated delivery plat-
forms with diverse applications across pharmaceuticals, food, and cosmetics. Their
small droplet size and ability to disperse hydrophobic components make them partic-
ularly valuable for enhancing solubility, stability, and targeted delivery. As research
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advances, these systems hold immense promise for high-impact applications such as
immunotherapy and targeted drug delivery. While many preclinical studies are still
in their early stages, a deeper understanding of the intricate interactions between
emulsions and biological systems — from cells to tissues and organs — will be pivotal
in accelerating their translation into real-world clinical and commercial applications.
The future of micro- and nanoemulsions is undoubtedly bright, with ongoing innova-
tions paving the way for groundbreaking advancements in medicine and beyond.






Mohammad Adnan Raza, Anijila Firdous, Tejas B. Patil,
Nousheen Khatoon, Ayushmaan Roy, Vijayalakshmi Ghosh,
Sanjay kumar Gupta, and Ajazuddin*

Chapter 1

Techniques for characterizing
micro/nanoemulsions in pharmaceutical
formulations

Abstract: Emulsions are colloidally stable dispersions of two immiscible liquids stabi-
lized by surfactants and cosurfactants, exhibiting droplet sizes ranging from 2 to
100 nm. Nanoemulsion and microemulsion formulations are commonly used for drug de-
livery. They can be formulated using a variety of high- and low-energy processes. This
chapter reviews different techniques for characterizing these nano- and microemul-
sions, discussing the significance of optimum formulation for nanodroplet systems, em-
phasizing droplet size, solubilization, colloidal stability, and optical and rheological char-
acteristics. Methods such as dynamic light scattering (DLS) and laser diffraction are
employed to ascertain droplet size and polydispersity index (size distribution) — critical
parameters affecting the emulsion’s stability and performance. DLS is also used to assess
zeta potential, that is, to analyze surface charge and stability of emulsions. Electron mi-
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croscopic techniques (e.g., transmission electron microscopy and scanning electron mi-
croscopy) are used to visualize the morphology and structural details at the nanoscale.
The characterization of nano- and microemulsions is conducted by differential scanning
calorimetry to assess the physical state of the drug inside the formulations and to inves-
tigate potential interactions between the drug and other constituents of the nano- and
microemulsions. This chapter also addresses the importance of rheological studies in
understanding the flow behavior and viscoelastic properties of emulsions, as well as
spectroscopic techniques as Fourier-transform infrared spectroscopy and nuclear mag-
netic resonance to investigate the molecular interactions and composition of the emul-
sions. The application of these characterization techniques in optimizing formulation
processes and ensuring the quality of pharmaceutical micro/nanoemulsions is also dis-
cussed. The in vitro drug release, vitro permeation, stability and thermodynamic stabil-
ity, shelf life, dispersibility, viscosity, surface tension, refractive index, percentage trans-
mittance, pH, and osmolarity of nanoemulsions are all further examined.

Keywords: Nanoemulsion, microemulsion, dynamic light scattering, zeta potential,
transmission electron microscopy, rheology

1.1 Introduction to micro/nanoemulsions
in pharmaceutical formulations

Micro- and nanoemulsions have been an interest among the pharmaceutical research-
ers for drug delivery application owing to their distinct physicochemical characteristics
and high loading efficacy leading to better bioavailability of drugs [1, 2]. Nanoemulsions
differ from conventional emulsions due to the in situ droplet dimensions being within
submicron and nanoscales (typically 10-100 nm for nanoemulsions, >200 nm and
<500 nm). Consequently, they exhibit exceptional stability apart from low optical trans-
parency [3]. Their properties make them very flexible carriers over a wide range of ac-
tive pharmaceutical ingredients (APIs), especially those with low water solubility lead-
ing to enhanced better solubilizing, stabilization, and controlled release behavior [4, 5].

In pharmaceuticals, micro- and nanoemulsions are investigated as carriers for
different drug types (e.g., hydrophilic, lipophilic, or amphiphilic compounds) [6].
These emulsions have very small droplet sizes that increase the surface area and ex-
posure to biological membranes resulting in improved absorption and bioavailability.
These features have the potential of a variety of oral, topical, and injectable drug ap-
plications within their framework [7]. While microemulsions and nanoemulsions are
both useful in pharmaceuticals, they have contrasting stability, preparation methods
of the formulation components, and surfactant demands.

Microemulsions are thermodynamically stable, clear, or translucid dispersions of oil
in water, that form spontaneously but where the droplet size is much smaller than those
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found in conventional emulsion; whereas nanoemulsions are Kinetically stabile transpar-
ent colloidal dispersion (compared to traditional macro- and microemulsion systems) [8].
Most of the microemulsions have droplet sizes in the range from 10 to 100 nm but their
size can go up to thousands of times this limit, which makes it difficult for them to pass
through all body sites. In contrast, nanoemulsions have a relatively more pure droplet
size within the range of 0.5-100 nm [9]. Both types of emulsions are typically transparent
or opalescent, but nanoemulsions tend to be clearer. This confers aesthetic superiority in
formulations where appearance assumes significant importance [10].

Stability is the prime difference between micro- and nanoemulsions. Being thermo-
dynamically stable, it means that microemulsions form spontaneously and will not sep-
arate over time. Nanoemulsions are only kinetically stable as they require energy input
for the formation, which would prolong their stability, although only temporarily and
not permanently [11]. Microemulsions are spontaneously formed through a high con-
centration of surfactant and cosurfactant; hence, they are quite easy to prepare. Nano-
emulsions, however, require high energy preparation methods such as ultrasonication
or high-pressure homogenization, more commonly at lower surfactant concentrations
than microemulsions, which may reduce the risk for toxicity [10, 12]. Oil and water are
arranged in microdomains within a continuous phase to create specific structured
phase behaviors in microemulsions. Nanoemulsion represents a more uniform and
evenly distributed phase without forming coexisting phases, which may be more advan-
tageous for the stability and activity of certain pharmaceutical applications [13].

Microemulsions have vast applications in pharmaceuticals, food, and cosmetics and
are beneficial for the controlled and targeted delivery of active ingredients. Nanoemul-
sions are highly valuable for drug delivery applications, enhancing bioavailability, and
enabling controlled release, especially in relation to low solubility drugs [14, 15]. Addi-
tionally, nanoemulsions have an improved ability to cross biological barriers, making
them promising for advanced drug delivery. While microemulsions benefit from spon-
taneous formation, they require high surfactant concentrations, which can pose risks of
toxicity or irritation. Nanoemulsions, though more stable in biological applications, re-
quire energy-intensive preparation and lack inherent thermodynamic stability, poten-
tially impacting their long-term storage and shelf life [16].

Micro- and nanoemulsions play a pivotal role in modern drug delivery systems
due to their ability to improve the solubility, stability, and bioavailability of therapeu-
tic compounds [17]. Their small droplet size provides an increased surface area that
enhances the dissolution and absorption of poorly water-soluble drugs. This makes
them particularly valuable for oral formulations of hydrophobic drugs, like curcumin
and paclitaxel, which face bioavailability challenges. Additionally, these emulsions fa-
cilitate controlled and sustained drug release, especially in topical and transdermal
applications, where they enable steady drug penetration for extended therapeutic ef-
fects [18]. In targeted drug delivery, nanoemulsions can be engineered with specific
ligands that recognize and bind to target cells, such as cancer cells, enhancing efficacy
and reducing systemic toxicity [19]. Parenteral applications also benefit from nanoe-
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mulsions, which allow for stable, injectable formulations of lipophilic drugs, offering
rapid onset in critical care settings. By encapsulating sensitive drugs, such as peptides
and proteins, micro- and nanoemulsions also extend drug stability and shelf life.
Overall, these versatile systems address a broad spectrum of pharmaceutical chal-
lenges, making them indispensable in drug formulation and delivery innovations [20].

This chapter reviews various techniques for characterizing nanoemulsions and
microemulsions, focusing on the critical aspects required to optimize these nanodrop-
let systems for pharmaceutical and therapeutic applications. The characterization
techniques discussed include dynamic light scattering (DLS) and electron microscopy,
which are essential for accurately determining droplet size distribution and morphol-
ogy — key factors influencing bioavailability and stability. Additionally, solubilization
capacity is examined, as it plays a crucial role in enhancing the bioavailability of hy-
drophobic drugs, ensuring efficient delivery. Colloidal stability is also explored,
highlighting factors such as surfactant concentration, zeta potential, and pH that con-
tribute to preventing coalescence and phase separation, which are essential for long-
term formulation stability. The chapter further delves into the optical properties of
nano- and microemulsions, which influence formulation transparency, crucial for
aesthetic considerations in pharmaceutical and cosmetic applications. Rheological
characteristics, such as viscosity and flow behavior, are also reviewed, as they signifi-
cantly impact the ease of application, especially in topical and injectable formulations.
By providing a comprehensive overview of these parameters, the chapter underscores
the importance of precise characterization to achieve stable, effective, and tailored
nano- and microemulsion formulations in drug delivery systems.

1.2 Physicochemical properties
of micro/nanoemulsions

Micro- and nanoemulsions possess unique physicochemical properties that make
them valuable in pharmaceutical and cosmetic applications. Understanding these
properties is crucial for optimizing their formulation and enhancing their therapeutic
effectiveness [1, 21].

1.2.1 Droplet size and size distribution

Microemulsions typically have droplet sizes ranging from 10 to 500 nm, while nano-
emulsions generally range from 10 to 100 nm. Smaller droplet sizes contribute to in-
creased surface area, which enhances the solubilization and bioavailability of APIs.
Smaller droplet sizes are beneficial in applications like drug delivery, as they increase
the surface area, which can enhance the bioavailability and absorption of encapsu-
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lated active ingredients [22]. In the food and cosmetic industries, smaller droplet sizes
result in clear or translucent formulations [3]. A narrow size distribution indicates
uniformity in droplet size, which is critical for stability. A broader size distribution
may lead to coalescence and phase separation, affecting the emulsion’s performance.
Nanoemulsions are often polydisperse, that is, they have a range of droplet sizes as
shown in Figure 1.1, whereas microemulsions, due to their thermodynamic stability,
tend to be more monodisperse [23].
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Figure 1.1: Particle size distribution.

Techniques such as DLS, transmission electron microscopy (TEM), and cryo-TEM are
commonly used to measure droplet size and distribution in emulsions [24, 25]. Narrow
size distribution contributes to uniform properties, such as stability and predictable
behavior in biological systems.

1.2.2 Interfacial tension and stability

Interfacial tension is the force that exists at the interface between oil and water phases.
In emulsions, surfactants (surface-active agents) reduce this interfacial tension, enabling
the formation of stable droplets of one phase within the other. Microemulsions are stabi-
lized by very low interfacial tension due to high surfactant concentrations. The reduc-
tion in interfacial tension is so significant that microemulsions can form spontaneously,
a property that contributes to their thermodynamic stability. However, nanoemulsions
require an energy input, such as ultrasonication or high-pressure homogenization, to
form stable droplets because they are only kinetically stable. Surfactants reduce the ten-
dency of droplets to coalesce, enhancing the stability of the emulsion over time.

Stability mechanisms in emulsions can be broadly categorized into steric stabili-
zation and electrostatic stabilization. In systems utilizing nonionic surfactants, steric
stabilization occurs when the long polymeric chains create a physical barrier that pre-
vents droplets from approaching each other closely, thereby reducing coalescence
and enhancing stability. On the other hand, electrostatic stabilization is observed in
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emulsions stabilized by ionic surfactants, where the electrostatic repulsion between
droplets carrying like charges prevents them from aggregating. This charge can be
quantified by zeta potential measurements, with higher zeta potentials (whether posi-
tive or negative) indicating greater stability and resistance to aggregation. These
mechanisms are crucial in maintaining the integrity and longevity of emulsion-based
formulations [26, 27].

Destabilizing mechanisms in emulsions include Ostwald ripening and coalescence
leading to phase separation. Ostwald ripening occurs when small droplets dissolve
and redeposit onto larger droplets due to differences in chemical potential, resulting
in an increase in average droplet size over time. This phenomenon is particularly
problematic in nanoemulsions without adequate surfactant coverage. Coalescence
and subsequent phase separation happen when droplets merge, especially in cases
where surfactant concentration is insufficient. While nanoemulsions are susceptible
to these issues, microemulsions are generally more stable due to their thermodynamic
stability [28, 29].

1.2.3 Viscosity and rheology

The viscosity of micro- and nanoemulsions is influenced by several key factors, includ-
ing oil content, droplet size, and surfactant concentration [30]. These emulsions typi-
cally exhibit lower viscosities compared to traditional emulsions, making them particu-
larly suitable for applications like pharmaceutical injections and spray cosmetics.
When the dispersed phase volume fraction, such as the oil-to-water ratio, is increased,
viscosity tends to rise, especially in nanoemulsions where droplet size and distribution
play a significant role. This increase in viscosity can be critical in designing formula-
tions for specific applications, ensuring optimal performance and stability [31].

Rheologically, micro- and nanoemulsions can display varying behaviors depend-
ing on their concentration [32]. At low concentrations, these emulsions often exhibit
Newtonian behavior, where viscosity remains constant regardless of the shear rate
applied. However, at higher concentrations, they tend to exhibit non-Newtonian,
shear-thinning behavior, where viscosity decreases as shear rate increases. This char-
acteristic is particularly advantageous for topical or injectable applications, allowing
the emulsion to spread or flow more easily under stress [33]. Additionally, in systems
with high droplet concentrations or strong inter-droplet attractive forces, more com-
plex rheological properties, such as viscoelasticity, can be observed. This viscoelastic
nature is beneficial in applications that require retention at the application site, such
as controlled drug release in tissues [34].

Several factors significantly impact the viscosity of these emulsions, including
temperature, surfactant type, droplet size, and phase volume ratio. Temperature var-
iations can alter the fluidity of the oil phase and the behavior of surfactants, thereby
affecting both the viscosity and stability of the emulsion. Similarly, the choice of sur-
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factant and its concentration can influence the interfacial properties and stability of
the emulsion. Droplet size and distribution also play crucial roles, as smaller droplets
with a narrow size distribution can enhance the stability and reduce the viscosity of
the emulsion. Understanding these factors is essential for optimizing the formulation
and application of micro- and nanoemulsions in various biomedical and industrial
contexts [35].

1.2.4 Phase behavior and structure

Micro- and nanoemulsions can adopt different structures based on their composition

and the balance between oil, water, and surfactants [11]. Common structures include:

a. Oil-in-water (O/W): Droplets of oil dispersed in water. This is typical in food, cos-
metic, and pharmaceutical applications [36].

b. Water-in-oil (W/0): Water droplets dispersed in oil, often used in applications re-
quiring a more hydrophobic continuous phase, like some topical medications or
cosmetics [37].

c. Multiple phases: Both oil and water form interconnected continuous phases, creat-
ing a more complex, sponge-like structure. These multiple microemulsions have
unique properties, such as enhanced diffusion of both polar and nonpolar com-
pounds [38].

(i) Phase diagrams:

Ternary or quaternary phase diagrams are commonly used to map out the conditions
under which each type of emulsion forms. These diagrams plot the proportions of oil,
water, and surfactant, along with temperature or cosurfactant presence, to show the
regions of stability for each phase [39].

(ii) Influence of surfactants and cosurfactants:

Higher surfactant concentrations generally stabilize the oil-water interface and allow
the formation of smaller droplets. However, excessive surfactant levels can cause un-
favorable phase transitions or toxicity in certain applications, especially in pharma-
ceuticals and food products [26]. In microemulsions, cosurfactants like short-chain al-
cohols or glycols reduce interfacial tension further and enhance flexibility of the
surfactant film, enabling the formation of thermodynamically stable microemulsions.
In nanoemulsions, cosurfactants can be used to improve stability and reduce droplet
size [40].

(iii) Temperature and phase transitions:

Temperature changes can induce phase transitions between O/W, W/O, and discontin-
uous phases structures due to changes in surfactant solubility and interfacial tension.
For example, nonionic surfactants tend to become less soluble in water at higher tem-
peratures, shifting the emulsion type from O/W to W/O [41].



16 =—— Mohammad Adnan Raza et al.

These physicochemical properties of micro- and nanoemulsions — droplet size
and distribution, interfacial tension and stability, viscosity and rheology, and phase
behavior — are fundamental to their behavior in various applications. By adjusting
formulation parameters like surfactant concentration, oil-to-water ratio, and tempera-
ture, researchers and developers can design emulsions tailored to specific needs, mak-
ing them invaluable in fields such as pharmaceuticals, food science, cosmetics, and
environmental science. Some important differences between micro- and nanoemul-
sions are mentioned in Table 1.1.

Table 1.1: Key differences in the micro- and nanoemulsions.

Feature Microemulsions Nanoemulsions References
Droplet size Typically, 10-500 nm Typically, 10-100 nm [3]
Appearance Transparent or slightly translucent ~ Usually transparent, but may vary [2]
with droplet size
Stability Thermodynamically stable; formed  Kinetically stable; requires energy [26]
spontaneously input to form
Preparation Spontaneous emulsification using Requires high-energy methods [8]
method surfactants and cosurfactants (e.g., ultrasonication and high-
pressure homogenization)
Surfactant High surfactant and cosurfactant Requires surfactant but generally [42]
requirement concentrations needed in lower amounts than
microemulsions
Phase behavior  Forms microdomains of oil and More uniform phase distribution [39]
water in continuous phase without coexisting phases
Thermodynamic Thermodynamically stable (will not ~ Not thermodynamically stable, but [43]
properties separate over time) can be kinetically stable for a long
period
Applications Widely used in drug delivery, food  Ideal for drug delivery, particularly [44]
industry, and cosmetics for poorly soluble drugs
Advantages Self-assembled, stable at low Enhanced bioavailability, controlled [45]
energy; useful for slow-release and  drug release, and ability to cross
targeted delivery biological barriers
Limitations High surfactant concentrations may  Requires energy-intensive [45]

cause toxicity or irritation; limited to
certain conditions

preparation; not inherently
thermodynamically stable
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1.3 Techniques for characterizing
micro/nanoemulsions

1.3.1 Dynamic light scattering (DLS)

A method for characterizing dispersed systems using optical measurement is DLS. The
technique evaluates high-frequency fluctuations in scattered light, illuminating the
dynamics of microstructural phenomena such as elastic vibrations in gels, sol-gel
transition, and particle agglomeration. In order to analyze particle size, DLS is most
frequently employed to gauge each particle’s Brownian motion within a liquid. Spec-
tral measurement data from representative samples are converted into numerical
size distributions using DLS, a spectroscopic measurement technique. Compared to
counting or fractionating procedures, it is therefore essentially restricted and has a
lower resolution of minute aspects of a size distribution. In spite of this, this tech-
nique has become the most used way to measure particle size in the sub micrometer
range (1 nm to 1 pm). This is due to a number of practical and financial factors, includ-
ing speedy analysis and inexpensive expenses per measurement. DLS is also an effec-
tive add-in for hyphenated measurement configurations, which integrate size analysis
and fractionation. Not to mention, continuous advancements in data analysis and
technology will strengthen the method’s ability to determine size distribution details
and work with very polydisperse materials [46].

1.3.1.1 Principles of DLS

The foundation of DLS is the measurement of coherent light scattered over time by
scattering objects, such as large molecules or tiny particles.

Variations of the measurement signals, which may come from several sources,
are considered in the evaluation. DLS handles these kinds of fluctuations, which are
caused by the thermal motion of the scattering particles and occur at extremely
small-time scales (microseconds and even nanoseconds). By examining the vibrations
in particle networks, DLS, for instance, may investigate phase transitions in colloidal
suspensions and quantify the elastic properties of gels.

The most popular use of DLS is the size analysis of particles in the sub microme-
ter range. Utilizing the particles’ Brownian motion, it modifies the interference be-
tween the distinct scattering signals and generates a fluctuating signal at the detection
by shifting the area indefinitely. The kinetics of the rearrangement is controlled by
the particle diffusion coefficient (Dy), which is inversely proportional to particle size:

kBT

P~ 3mnxh, t
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The Stokes-Einstein equation is represented by the variables kp and T, which stand
for temperature and Boltzmann’s constant, respectively, and n, which stands for the
fluid’s dynamic viscosity xh, and t for the hydrodynamic diameter of translational mo-
tion. The latter is termed an equivalent diameter, and it might vary significantly from
other equivalent diameters. It describes a random particle orientation. These varia-
tions are most noticeable for aggregates that resemble fractals, when xh, t is signifi-
cantly larger than the individual particles, the volume equivalent diameter, and the
Stokes diameter, but much less than the surrounding sphere’s diameter [46].

1.3.1.2 Applications in emulsion characterization

Finding the size distribution of dispersed droplets in emulsions using a typical ap-

proach is DLS. This chapter describes the several ways that DLS is used in emulsion

characterization, including size measurement, stability analysis, and formulation pro-
cess optimization:

a. Measurement of droplet size: DLS is often used to ascertain the distribution of
droplet sizes in emulsions, such as microemulsions and nanoemulsions. It gives
the polydispersity index, which indicates size homogeneity, and the hydrody-
namic diameter [47].

b. Stability analysis: In order to assess stability against flocculation, coalescence, and
Ostwald ripening, DLS tracks changes in droplet size over time. It assesses the sta-
bility of emulsions under additive impact and thermal stress.

c. Formulation optimization: To obtain stable, homogeneous droplet sizes for food,
cosmetic, and pharmaceutical formulations, DLS helps optimize surfactant con-
centration and emulsification process parameters (e.g., mixing speed) [48].

d. Drug delivery systems: DLS is used in the pharmaceutical industry to optimize
droplet size for controlled drug release and bioavailability in nanoemulsions, lip-
osomes, and other emulsion-based drug carriers [6].

e. Food emulsions: DLS influences texture, taste, and shelf life by ensuring droplet
size uniformity in dairy products, sauces, and flavor emulsions [49].

f.  Cosmetics: DLS regulates droplet size in sunblock, lotion, and cream formulations
to provide a consistent UV protection, spread ability, and acceptable texture [50].

1.3.1.3 Limitations and challenges: several limitations and challenges associated
with DLS

— DLS measurements exhibit high sensitivity to variations in temperature and sol-
vent viscosity. Consequently, a dependable DLS experiment requires accurate
knowledge of solvent viscosity and the maintenance of a steady temperature.
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— DLS is a low-resolution method that usually cannot tell apart molecules that are
closely linked, such as dimers and monomers.

— DPlotting the intensity of scattered light [K*c/RO, where K* is an optical parameter,
¢ denotes concentration, and R6 is an angle-dependent light-scattering parameter]
allows one to determine molecular weight using DLS. This method lacks reliabil-
ity and reproducibility. In these instances, alternative methods such as analytical
ultracentrifugation and static light scattering combined with multi-angle laser
light scattering ought to be used.

— DLS can only be used to create clear samples.

— The sixth power of the size of the macromolecule determines the scattering inten-
sity (I == d°, where d represents the diameter). Consequently, even a minimal
presence of large aggregates can significantly influence the measurements. Conse-
quently, it is essential to thoroughly clean the sample-holding cuvette and filter
the sample before conducting DLS calculations.

— The DLS signal depends on the macromolecules’ size and concentration. Conse-
quently, optimizing the concentration range may be necessary to achieve reliable
measurements [51].

1.3.2 Small-angle X-ray scattering (SAXS) and small-angle neutron
scattering (SANS)

By examining the scattering of X-rays or neutrons at small angles as they go through a
sample, small-angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS)
are efficient techniques for examining the nanoscale structure of materials. While
both techniques share a similar principle, they employ distinct types of radiation (X-
rays versus neutrons), resulting in unique advantages for each approach.

1.3.2.1 SAXS and SANS principles

By measuring the scattering of X-rays at tiny angles, often less than 5°, the technique
known as SAXS provides information on the size, shape, and distribution of particles
or structural elements within the nanometer to micrometer range. The method analy-
ses the interaction of X-rays with the electron clouds of atoms in a sample, correlating
scattering intensity with variations in electron density. SAXS exhibits high sensitivity
to electron-dense structures, rendering it appropriate for the investigation of various
materials, including proteins, polymers, nanoparticles, and colloids. Analyzing scatter-
ing patterns allows researchers to deduce structural parameters, including particle
size, shape, and internal organization. This technique investigates structures ranging
from 1nm to 100 nm and is frequently employed to examine macromolecular aggrega-
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tion, nanostructures, and the internal organization of porous materials and biological
complexes [52].

SANS employs neutron beams scattered by atomic nuclei at small angles to eluci-
date nanoscale structures. SANS, in contrast to SAXS, depends on the interaction of
neutrons with atomic nuclei, providing distinct contrast mechanisms. The scattering
intensity in SANS is contingent upon the contrast in scattering length density among
different regions of the sample. This technique is advantageous for distinguishing be-
tween isotopes, such as hydrogen and deuterium, making it suitable for the study of
biological systems and materials with low electron contrast. SANS enables contrast
variation via isotope substitution, thereby facilitating comprehensive analyses of com-
plex systems. This technique examines structures ranging from 1 to 100 nm, demon-
strating heightened sensitivity to hydrogen. It is thus appropriate for the study of soft
matter, biological macromolecules, and the internal architecture of composite materi-
als and porous systems [53].

1.3.2.2 Use in structural characterization

In the fields of structural biology and materials science, two crucial techniques that
provide insight into the nanoscale structure of a range of materials are SAXS and
SANS. Each approach is used in structural characterization as follows [54]:

— The structural investigation of biological macromolecules, polymers, nanopar-
ticles, and porous materials may be effectively accomplished with the help of
SAXS. It provides details on the size, shape, flexibility, conformation, and aggrega-
tion of proteins and nucleic acids without crystallization. It is employed in the
study of these substances in solution. SAXS also examines macromolecular com-
plexes to get a deeper understanding of quaternary structures and protein-
protein interactions. In polymer characterization, it makes the form, size distribu-
tion, and phase behavior of copolymers and mixes clearer. SAXS also analyses the
pore structure of porous materials, including pore size, shape, and connectivity,
and computes the size and shape of nanoparticles and colloidal systems to aid in
the design of materials for uses like filtration and catalysis.

—  SANS serves as an important method for investigating soft matter and biological
systems, especially proficient in examining lipid bilayers, micelles, and macromo-
lecular complexes such as proteins and DNA. This offers a deeper understanding
of their composition, behavior, and relationships. SANS is utilized in self-
assembly investigations involving polymers and surfactants, taking advantage of
deuterated materials for contrast variation, enabling thorough examination of
particular components within intricate systems. Furthermore, SANS provides in-
sights into the internal structure and morphology of composite materials and po-
rous structures, deepening the comprehension of their functional properties.
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Through the use of various isotopes, SANS facilitates focused investigations of
particular areas within diverse samples.

1.3.2.3 Data interpretation and analysis

To extract structural information from scattering data, SAXS and SANS require a vari-
ety of critical data interpretation and analysis processes. Initially, raw intensity data
must be collected. Normalization and background removal techniques are then used
to analyze the data. As a function of the scattering vector g, the scattering intensity I
(@) provides crucial information on the sample’s size and shape.

To characterize the overall structure, important parameters are found, such as
the radius of gyration (Rg) and the distance distribution function (P(r)). Scattering pro-
files may be fitted to a variety of models using SAXS and SANS, enabling the charac-
terization of the morphology of macromolecules, polymers, and nanoparticles. Fur-
thermore, SANS takes advantage of isotope substitution to improve contrast,
facilitating a thorough examination of particular elements within intricate systems.
Ultimately, understanding structural characteristics and interactions in materials and
biological systems is improved by combining data from SAXS and SANS with other
methods [52].

1.3.3 Transmission electron microscopy (TEM) and scanning
electron microscopy (SEM)

The scanning electron microscopy (SEM) and TEM instruments are both able to gener-
ate highly focused electron beams that are directed at the sample in a vacuum cham-
ber. Nevertheless, the main area in which the SEM units are used is in the examina-
tion of the surfaces of different materials (just like a reflection light microscope).
However, the primary use of TEM in monorail systems is in examining the internal
structure of specimens (like a transmission light microscope).

In an SEM, the electron beam travels over the object one by one after being fo-
cused on a certain spot, captured by detectors. A detector signal is timed with the
known beam position on the specimen and the signal is then used to modify corre-
sponding image pixels. The signals that are collected one after the other are added
together to create an image that has its own dimensions depending on pixels distribu-
tion, which is decided according to the scan pattern chosen, that is, 30 keV is the most
common electron energy.

In TEM, an electron beam is made to hit a specific area of a sample. The electrons
passing the sample are focused by lenses and then collected by a parallel detector to
become a picture. The energy of the electrons in a TEM is higher than SEM with the
average of 80— 300 keV, which allows them to penetrate the material [55].
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1.3.3.1 Imaging techniques for micro/nanoemulsions

Micro/nanoemulsions are complex systems requiring visualization to understand
their structure, stability, and behavior. The measurement of techniques using differ-
ent imaging for both micro- and nanoemulsions is critical in determining their size,
structure, stability, and morphology. Various imaging techniques enable researchers
to characterize these systems; here are some of the most commonly used methods for
these purposes:

— TEM: This technique uses electrons to pass through thin materials to produce
high-resolution pictures of emulsion droplets at the nanoscale. It is best suited for
internal structure visualization, but before this success is achieved, it takes much
time for complex sample preparation.

— SEM: SEM is a special way of viewing surfaces in great detail. It illuminates struc-
tures finely with an electron beam and then displays high-quality images that
show the morphology of the surface in detail. Conductive coating of the samples
is needed.

- Cryo-electron microscopy (cryo-EM): High-resolution imaging without the need
for drying is possible if materials are rapidly frozen and kept undamaged. This
technique will be useful to study emulsions in their natural hydrated form in-
stead of dry solids.

—  Atomic force microscopy (AFM): Scans the surface of the material and determines
its mechanical features through direct contact with a hard needle tip. AFM produ-
ces, in addition to all the 3D imagery of the 1 nm to 10 cm scale, the pictures of
the surface topography, which is favorable to the liquid samples but can some-
times be very challenging.

— DLS: Measuring light scattering through Brownian vibration is a procedure that is
utilized to determine particle size distribution.

— SAXS: One of the most recent techniques that have been developed in the field of
medical imaging is the so-called grazing incidence X-ray scattering at small angle
technique, which provides former crystallographic information on the object.

1.3.3.2 Sample preparation

To ensure the production of precise and top-notch images of micro- and nanoemul-
sions, the right sample preparation steps should be utilized. Diverse imaging methods
demand certain advanced preparation methods to maintain the emulsion structure
and prevent defects. Here are the most typical techniques for getting samples ready:
a) For TEM:
— Staining: Typically, electron-transparent emulsions are stained using heavy
metals as uranyl acetate or osmium tetroxide to boost contrast.
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Thin sectioning: It is mandatory that the samples are ultra-thin (usually less
than 100 nm) to allow the electron to penetrate them.

Cryo-TEM: The samples are immediately frozen using liquid nitrogen or eth-
ane, resulting in their direct imaging in their natural condition without any
staining or dehydration.

For SEM:

Emulsions are generally dried off from liquid substances. Critical point dry-
ing and freeze-drying are normally opted for to prevent the collapse of the
structure.

Conductive coating: A thin coating of carbon, platinum, or gold is applied to
nonconductive sample surfaces to make them conductive and prevent the ac-
cumulation of negative charge.

Cryo-SEM: Like in cryo-TEM, samples are frozen to maintain their natural
state and are then imaged without dehydration.

For cryo-EM:

Vitrification: To prevent ice crystals from growing, the samples are rapidly
frozen. Vitrified samples are stored at a very low temperature of liquid nitro-
gen for imaging.

No staining or drying: This method preserves the emulsion’s characteristics
without requiring it to be stained or dried.

For AFM:

Substrates are used during cathodic deposition: The substrate is immersed into
the plating solution, and the plating is carried out using cathodic method.

The plating process includes wet bench system with spin coat, spray, rinse,
and spin/dry processes in different solutions wherein lithium ion can be
used, and the amorphous oxide barrier layer is deposited.

The turned-out value for the actual deposited material in artificial cornea
membranes is 167.6 nm in thickness. As indicated by several features to be
described, such a trend may be anticipated by a set of equilibrium equations.

For DLS:

To prevent multiple scattering and obtain accurate size measurement, sam-
ples are generally diluted in the spectrophotometer before observation can
proceed.

DLS directly measures particles in a liquid; therefore it does not need any
drying or explicit preparation steps.

1.3.3.3 Analysis of emulsion morphology

The morphology of emulsions or the properties of the droplets as they are defined by
droplet size, shape, distribution, and internal structure are significant factors that de-
termine their stability, efficiency, and performance in sectors from pharmaceuticals
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to food products. Emulsion morphology is studied through different analytical techni-
ques with each one of them giving its peculiar insight into the structure of the emul-
sion as in Table 1.2.

Table 1.2: Analysis of emulsion morphology through different analytical techniques.

Technique Resolve Information Advantages Challenges
provided
Transmission Nanometer Internal structure, High resolution; Complex sample
electron scale droplet size, shape, useful for preparation; staining
microscopy and distribution nanoemulsions may alter structure
(TEM)
Scanning Submicrometer Surface morphology,  Clear surface Requires conductive
electron scale droplet shape, and images; cryo-SEM coating; limited
microscopy distribution preserves natural internal detail
(SEM) state
Confocal laser ~ Micrometer 3D images, 3D imaging; useful  Lower resolution
scanning scale distribution of with fluorescent compared to TEM and
microscopy components, and labeling SEM
(CLSM) phase interactions
Dynamic light  Nanometer to  Droplet size Quick, noninvasive,  Provides average size;
scattering micrometer distribution and and real-time no structural detail
(DLS) polydispersity analysis
Small-angle X-  Nanometer Internal structure, Nondestructive; Requires specialized
ray scattering  scale droplet shape, and effective for internal equipment, and
(SAXS) size distribution morphology complex data
interpretation

Atomic force Nanometer Surface topography; High-resolution 3D  Limited to surface
microscopy scale mechanical properties images; mechanical analysis; challenging
(AFM) property analysis for liquid samples
Fluorescence Micrometer Droplet distribution; Real-time Lower resolution;
microscopy scale phase interactions monitoring; requires labeling

fluorescent labeling

possible
Nuclear Bulk structure  Molecular Noninvasive; Low resolution; no
magnetic interactions, droplet  suitable for direct visualization
resonance size, and internal molecular-level
(NMR) dynamics analysis
X-ray Micrometer to 3D internal structure Nondestructive 3D Limited resolution;
tomography submicrometer and droplet size imaging requires transparent

distribution

materials




Chapter 1 Techniques for characterizing micro/nanoemulsions =—— 25

1.3.4 Cryo-electron microscopy (cryo-EM)

Electron microscopy, often known as cryo-EM, is one of the main methods to point out
the structures of new proteins produced by the methods of point mutations and unnat-
ural amino acid incorporations. Single particle analysis (SPA), its most popular subfield,
is a technique utilized in an increasing number of labs throughout the globe to ascer-
tain high-resolution protein structures. Although cryo-EM has been very successful, we
should still try to find ways to make it better. Sample preparation, sample screening,
image processing, data collecting, and the structure validation procedures are a few of
the phases that might be enhanced and added to the total procedure. Among these con-
cerns include sensitivity, flexibility, and the control of beam focus [56].

1.3.4.1 Principles of cryo-EM

cryo-EM is a microscopy method. It is customary to get extremely powerful images of

biological macromolecules, nanostructures, and emulsions in their native state. The

frosting is nothing like TEM where the sample is always stained and moisturized;
here, in the case of cryo-EM, the sample has been naturally preserved. The principles
of cryo-EM include:

a) Rapid freezing (vitrification): The samples are quickly frozen by using liquids like lig-
uid nitrogen and -150 °C that are below extreme temperatures like liquid nitrogen or
ethane. This process, called vitrification, does not form ice crystals that would dam-
age the sample’s structure. The water molecules are not frozen in the ice crystals,
apparently; instead they settle themselves in a solid glass-like structure.

b) Electron transmissions: The sample is frozen at a very low dose of electron. This
leads to minimal distortion and radiation damage, which preserves the internal
structures within it as the image is being taken.

¢) No staining required: There is no heavy metal staining required in this process as
the process utilizes the self-electron density of the sample itself for contrast in the
creation of the image. Hence, the sample’s original structure is completely pre-
served.

d) Direct electron detectors: They are sensitive enough to pick up high-quality im-
ages that show minimal noise; therefore, they offer resolution improvement.

e) SPA: Numerous 2D images of the same single particle (e.g., a protein) are taken
and used to construct the 3D structure at near-atomic resolution.

f) Cryo-tomography: A tomographic reconstruction technique in which images re-
corded at different angles can be taken; well-suited for larger structures, such as
cells.

g) Sample preservation: The sample is frozen without losing its native morphology
or molecular interactions while preserving it throughout the freezing process
with no artifacts.
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1.3.4.2 Application in nanoemulsion studies

Cryo-EM is an excellent research tool in terms of structure and stability studies about

nanoemulsions with high-resolution performance. Major applications are as follows:

a) Visualization of droplet morphology: With the help of cryo-EM, the inside and out-
side morphology of nanoemulsion droplets can be visualized at a nanoscale reso-
lution, which will further allow researchers to study droplet size, shape, and dis-
tribution without staining or dehydration techniques.

b) Characterization of stabilization and coalescence: Direct imaging of the native
structure of frozen nanoemulsions allows cryo-EM to track, over time, droplet sta-
bility and coalescence, and thus provide insight into how emulsions respond to
different conditions.

c) Layered structures and interfaces: The technique can visualize extremely com-
plex internal nanoemulsion structures that often manifest in terms of layered sys-
tems or phenomena related to interfaces between different phases, such as the oil
and water phases.

d) Nanoencapsulated systems: Cryo-EM may now yield the nanoimages of how nano-
particles or the active agent is encapsulated into the emulsion droplets, thus al-
lowing perfect formulation for release at targeted sites.

e) Phase behavior: Since the phase transitions or separation in nanoemulsions can
be observed in real time, cryo-EM yields information on how the formulations re-
spond to changes in temperature and pH.

1.3.4.3 Principles of cryo-EM

The major parameter used to analyze the stability of colloidal systems, such as emul-
sions and nanoemulsions, has the possibility for zeta. It explains the electrical poten-
tial generated at the plane of slippage, which is the boundary between the stationary
fluid layer attached to a particle and the surrounding fluid in motion as described in
Figure 1.2.

1.3.5 Significance of zeta potential in stability

Another important parameter that could be referred to as analyzing and managing
nanoemulsion stability has the possibility for zeta. Electrostatic repulsion between
droplets increases with zeta potential; thus, aggregation is hindered and ensures a sta-
ble homogeneous dispersion over time. A formulator can significantly improve the
shelf life and performances in given applications by monitoring and adjusting the
zeta potential. Zeta potential can be critically assessed to be an indicator of stability in
a colloidal system, such as nanoemulsions. The value of zeta potential indicates the
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Figure 1.2: Nanoemulsion particle surrounded by zeta
potential charge.

electrostatic repulsion of particles or droplets within the emulsion. This is against the
following important points:

High zeta potential (+30 mV and higher): Electrostatic repulsion that is strong
enough keeps droplets from clinging to one another; hence it keeps the emulsion
stable against settling, creaming, and phase separation.

Low zeta potential (less than +15 mV): Low chances of aggregation leads to weak
repulsion. Due to these reasons, droplet agglomeration takes place, which causes
instability, flocculation, coalescence, and sedimentation.

Agglomeration and coalescence control: The high zeta potential prevents agglom-
eration of the droplets as the force of repulsion is significantly increased, which
is critical for maintaining nanoemulsions intact.

Electrostatic stabilization: Charge stabilization at the surface ensures that the
zeta potential is high, and this will ensure that emulsions can be stable for a long
period, especially in pharmaceutical and cosmetics applications.

Surfactant selection: Zeta potential measurements guide the selection of surfac-
tants whereby surface charge and droplet repulsion of the droplets increase with
higher stability.

Shelf life prediction: The shelf life will increase with increasing zeta potential lev-
els. Low values predict faster degradation or phase separation.

Environmental influence: pH, ionic strength and salts influence the zeta potential;
thus the monitoring of changes in it can predict stability under varied conditions.

1.3.5.1 Techniques for measuring zeta potential

There exist two categories of measuring methods, characterizing distinctly different from
each other. In nanodispersions, this includes zeta potential. The first is often based on
electrophoresis. This makes use of optical methods to track the motion of particles. Ultra-
sound is used in place of light in the other class, which is based on electroacoustics.
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Both of these types complement rather than compete with each other. Electrokinetic
methods are useful only in dilute systems, while electroacoustic techniques focus solely
on the work. About 1% of particles make up the border. There are signs of low conductiv-
ity dispersions or very translucent suspensions [57]. Methods based on electrophoresis
can be used when the weight fraction is greater. However, electroacoustics may be used
on nanodispersions of heavy enough particles, such gold, rutile, and alumina, down to 0.1
wt%. Verification tests, which will be covered in the material that follows, are made possi-
ble by the existence of this gray region, which is roughly 1 wt% where both approaches
function. However, the general rule still stands:

In diluted systems, electrophoresis-based techniques are employed, whereas in
concentrated systems, electroacoustics is employed.

Optical techniques and electrophoresis: Electric field application to the dispersion
of nanoparticles that are electrically charged cause this dispersion to move in relation
to the liquid. Electrophoresis is the term for the effect. The electric field intensity and
the particle’s motion velocity, V, are proportional. Electrophoretic mobility u is the
proportionate coefficient:

u="/g

Electrophoretic mobility measurement: A cell equipped with electrodes holds a sus-
pension of charged particles with specific surface charges. Between the electrodes, a
potential is applied, and the net electric charge-bearing particles move towards the
opposite electrode. Through an electrophoretic light scattering by laser Doppler ar-
rangement, the particles’ velocity is ascertained. The particle electrophoretic mobility
distribution is determined by the frequency shift distribution, which in turn deter-
mines the zeta potential. ELS provides complicated particle sample electrophoreto-
grams that are precise, automated, and repeatable.

Electroacoustics for concentrated nanodispersions: When the wavelength of the
mechanical stress equals the sample size, electroacoustics is electro kinetics at high
frequencies, usually in the megahertz frequency range [4, 10].

Depending on what plays a driving role in particles in motion with relation to the
liquid, there are two modes of electroacoustics. Traditionally, colloid vibration cur-
rent (CVI) [10] is the first type of AC electric current produced by charged colloidal
particles moving in relation to a liquid while being affected by an ultrasonic pulse. An
equation can be used to express this current’s value:

ppP—ps
CVI=u¢ s VP
where ¢ is the ultrasonic wave’s pressure, ¢ is the particle volume fraction, and pp
and ps are the particle and dispersion densities, respectively. Using this equation,
measuring CVI enables the calculation of electrophoretic mobility, which may then be
utilized for using the proper electroacoustic theory to calculate the zeta potential [58].
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Electric sonic amplitude [https://doi.org/10.1006/jcis.1995.1341], another type of electro-
acoustics, employs an AC electric field to move particles in relation to a liquid. An ul-
trasonic is produced by the motion wave. For such devices, the basic output data is
the wave’s amplitude and phase [59].

1.3.6 Rheological analysis

Exploring the flow characteristics of particle emulsions provides insights into how a
blend stays intact and how droplets evolve over time, while also uncovering the effec-
tiveness of drug release from them. Tackling the rheology of formulations holds the
key in comprehending their flow behaviors and long term stability in micro/nanoe-
mulsions where droplet dimensions and interactions play a role, in influencing viscos-
ity and overall robustness [60].

1.3.6.1 Methods of rheological characterization

Rheological characterization of micro- and nanoemulsions is critical for understand-
ing their stability, texture, and flow behavior, which are important for applications
across industries such as pharmaceuticals, cosmetics, and food. The methods used to
characterize the rheology of these systems can vary, but typically involve the follow-
ing techniques as shown in Table 1.3.

Table 1.3: Methods of rheological characterization for micro/nanoemulsions.

Method Description Application to micro/ References
nanoemulsions

Steady-shear  Determines viscosity under Aids in the understanding of shear- [61]
rheology continuous stress or shear rates. thickening or shear-thinning

behavior, which is typical of non-

Newtonian emulsions.

Oscillatory Measures viscoelastic qualities, Establishes the elasticity and stability [62]
rheometric namely storage (G) and loss (G”) of emulsions, which is essential for
(dynamic moduli, using oscillating stress/ phase transition prediction.
rheology) strain.
Creep and Evaluates the long-term deformation Aids in comprehending [61]
recovery test  of a material under continuous viscoelasticity and long-term

tension and its recovery after deformation in emulsions.

removal of stress.
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Table 1.3 (continued)

Method Description Application to micro/ References
nanoemulsions

Stress Evaluates the dissipation of stress Beneficial for researching [62]
relaxation test under continuous tension. microemulsion relaxation processes,
especially after deformation.

Dynamic light  Determines the dispersion of droplet Essential for examining droplets the [62]
scattering sizes using the light scattering of the size of nanometers and connecting it
(DLS) particle. to rheological characteristics like
viscosity.

Micro Measures the local rheological Helpful in figuring out the [61]
rheology characteristics by following the heterogeneity and local viscosity of

motion of the implanted particles. nanoemulsions.
Interfacial Evaluates the rheological Essential to comprehending the [61]
rheology characteristics of the oil/water stability of emulsions, particularly in

contact, which is a dispersed phase. nanoemulsions where interfacial
tension plays a crucial role.

Capillary Measures viscosity by applying high  Beneficial in industrial settings when [62]
rheometric shear rates as the substance travels high-shear processing methods,
via a small capillary. such as extrusion, are used on

nanoemulsions.

1.3.6.2 Relationship between viscosity and stability

A new way that oil DV influences the stability and instability of emulsions was discov-
ered, highlighting the viscosity of emulsions and droplet motion. As density becomes
more crucial with greater oil DV, the droplet motion resistance, or the higher bulk
and more viscous properties of the oil under any given volume are connected to fric-
tion. This promoted a more uniform inner network and increased the apparent/mac-
roscopic viscosity of the emulsions by limiting the fluid inclination of the droplets and
confining them to a small region. These two elements slowed the droplets’ rate of
travel while storing emulsions for a long time and increased the frequency/effect of
droplet collision that favors reducing the growth of droplets and improving emulsion
stability against several destabilizing processes (e.g., creaming, flocculation, and coa-
lescence). To the best of our understanding, it is the first explanation of how oil DV
influences MP emulsion stability using pure hydrophobic phases that share a high de-
gree of structural similarity with model oils, so that all future research can be repro-
duced and made comparable.
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1.3.7 Spectroscopic techniques

Spectroscopic techniques rely on how electromagnetic waves and matter interact;
they are then applied for analysis and identification of substance structures and com-
positions by seeing how they behave when electromagnetic waves of various wave-
lengths are absorbed, scattered, or emitted. Energy dispersive X-ray spectroscopy
(EDS), Raman spectroscopy (RS), Fourier-transform infrared spectroscopy (FTIR), and
nuclear magnetic resonance (NMR) spectroscopy are a few of the primary methods
employed. In order to identify electronic transitions, modifications in vibrational
modes, and variations in the characteristic energy levels of the elements that investi-
gate the properties of substances on the microscopic and macroscopic scales, these
techniques make use of specific peculiarities of electromagnetic waves that range
from infrared to X-ray regions [63].

1.3.7.1 NMR spectroscopy for emulsion structure

This is a very effective technique for emulsion structure research and dynamics, espe-
cially micro- and nanoemulsions. It furnishes detailed information at a molecular
level regarding the nature of the dispersed phases and surfactants and about interac-
tions within emulsions that makes clear statements both about their internal struc-
tures and stability. NMR encompasses many techniques that each yield different
kinds of information and are rooted on a common principle; hence NMR spectroscopy
is applied in the analysis of molecular structures and conformations [64].

Behavior of microemulsion droplets in intricate emulsion systems, but it was also
employed to examine the microstructure and component distribution using various
self-diffusion coefficients and chemical shifts that support the investigation of dynamic
data on the surfactants inside, as diagrammatically represented in Figure 1.3 [65].

1.3.7.2 FTIR and Raman spectroscopy

FTIR can clarify intermolecular interactions, solvation effects, and component distribu-
tions in microemulsions by examining their molecular structures and the amount of dis-
solved water present. Microemulsions are often made with both water and oil, and their
infrared spectroscopy often proves problematic because of the large water background
signal. On the other hand, unsaturated C=C bonds in oil have a high Raman response, but
water provides a very weak Raman signal that is often negligible at low wavenumbers;
s0, RS can be used to study the microemulsion [67]. In order to summarize the impact of
refractive index-matching of liquid phases and enable research on W/O/W type droplets,
the intensity of the Raman signal of the internal water phase was measured using a vari-
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Figure 1.3: NMR for microemulsion structural characterization [66].

ety of permutations and combinations of refractive indices [68]. The use of Raman and
FTIR spectroscopy in the investigation of microemulsions is illustrated in Figure 1.4.

1.3.8 Turbidity and optical microscopy

The nanoemulsions may be optically clear or even a little turbid depending on the
droplet size. The turbidity t that is the opacity expressed is determined through mea-
surement of transmission. The droplet size affects the rheology and release behavior
in addition to the optical property and stability. For this reason, nanoemulsions are
more suited for a variety of applications than microemulsions. Compared to other
forms, the nanoemulsions’ tiny particle size has several significant implications.
Nanoemulsions support stability and improve physicochemical characteristics [72].

1.3.8.1 Turbidity as an indicator of droplet size [73]

The most significant factor influencing the turbidity was particle size. It has been
shown that the mean volume-surface diameter of 0.2 um for the oil droplet size is
where the most turbidity occurs. Additional considerations were the refractive index,
the makeup of the excess emulsifier, and the aqueous phase [73].
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Figure 1.4: (a) Stretching mode FTIR spectra of C-0 in various liquid phases [69]. (b) The production
diagram of microemulsions (E, F) and Raman imaging of several chemicals (A, D). (c) Various Raman
spectra microemulsion composition and forms [70, 71].
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1.3.8.2 Optical microscopy for emulsion observation

A strong and flexible method for emulsion observation and characterization, optical
microscopy provides information on droplet size, distribution, and shape. Emulsions
are used extensively in a variety of sectors, including food technology and pharma-
ceuticals. They are composed of distributed liquid droplets in a continuous phase [74].

The fundamental idea behind optical microscopy is that light is transmitted
through or around the material, and then the objective and eyepiece lenses are used
to magnify the image. Because emulsions are optically heterogeneous, light is scat-
tered or refracted, making droplet borders visible:

- Resolution: Because of the diffraction limit of light, the optical microscope’s resolu-
tion limit is around 200 nm. Submicron droplet emulsions need sophisticated mi-
croscopy techniques or supplementary approaches such as electron microscopy.

— Contrast: Contrast-enhancing techniques like staining or phase-contrast micros-
copy are frequently employed to distinguish the droplets from the continuous
phase.

1.3.9 Stability assessment of micro/nanoemulsions

On the other hand, besides its application, mainly in pharmaceutical formulations,
consistency in drug delivery and shelf life, the question of stability is a very important
issue in micro/nanoemulsions as presented in Figure 1.4 [75]. The evaluation of stabil-
ity is necessary to ensure that the physicochemical properties are retained during the
storage and use of such colloidal species [76]. Nanoemulsions do depend upon droplet
size, surface charge, the viscosity of the dispersion medium, and even interaction be-
tween environmental factors such as temperature and pH [8]. Several methods can be
employed to check for the stability of these systems — both thermodynamically and
kinetically [77].

1.3.9.1 Methods to evaluate emulsion stability

Stability assessment is defined as the resistance of an emulsion against physical

changes such as phase separation, creaming, flocculation, and coalescence [78]. The

following techniques have been in common use in the assessment of the stability of
nanoemulsions:

— Centrifugation: It is one of the most applied accelerated tests for the assessment
of emulsion stability, which involves the treatment of emulsion by higher forces
of gravitation. The methodology of the test imitates the action of long storage be-
cause it accelerates the movement of droplets, which allows phase separation or
creaming in a relatively short period of time.



35

Chapter 1 Techniques for characterizing micro/nanoemulsions

uonesedas
aseyd

ENTERET TS

"uoIs|nwa Jo AyjigeIsu] :°L a4nbi4

UOISIOAUT 3SR J TOT)RMIIOL] Surmvar) noNRJuAMIPIS Sutmadu preas)sQ
° ® °Q®
® 3K () A ® .. @
e°0® ™ o®e®
* 9o ® o,
e@oe 8% °egoo
3 Y b H
\ . -
UOIS[NU LIS
- o
° Wo ®
0 0@
.. ® o 1
@o-° b Tl
=)



36 = Mohammad Adnan Raza et al.

Heating-cooling cycles: Emulsions are subjected to cycles of extremes of variable
temperature testing their stability in respect to thermal stress. The test will hardly
benchmark the nanoemulsion on its capability to allow repeated heating and
cooling without phase separation [79].

Freeze-thaw stability: This technique is the freezing of emulsion and its subse-
quent thawing in order to check whether it can resist a process that may lead to
the formation of ice crystals and hence cause destabilization. The test is of great
importance in the case of emulsions destined for use in temperature-fluctuating
environments.

Optical microscopy and turbidity measurements: These methods therefore
make it possible to detect changes in the distribution of droplet size as an indica-
tion of instability, while an increase in turbidity or the occurrence of larger drop-
lets may indicate possible droplet aggregation or coalescence [80].

Zeta potential analysis: These methods therefore make it possible to detect
changes in the distribution of droplet size as an indication of instability, while an
increase in turbidity or the occurrence of larger droplets may indicate possible
droplet aggregation or coalescence [81].

Rheological measurements: Therefore, rheological studies enable the evaluation
of changes in the flow properties of emulsion. On one hand, a time increase in
viscosity can be related to the instability due to the flocculation or gelation of
droplets [82].

1.3.9.2 Thermodynamic and kinetic stability tests

Thermodynamic stability expresses the intrinsic ability of the emulsion system to re-
tain its nonequilibrium status for a longer period, while kinetic stability refers to the
time it takes when applicable instability processes start to develop, such as creaming,
flocculation, or coalescence [83]. Both are very important in maintaining the function-
ality of nanoemulsions for a sufficiently long period [84]:

Thermodynamic stability: Therefore, thermodynamic stability tests provide evi-
dence as to whether an emulsion is in its most stable state, with the least energy
in maintaining its structure [85]. An emulsion is accepted as being thermodynam-
ically stable if no spontaneous separation into their constituent phases occurs
over a period of time [86]. The stability could depend on such variables as the
composition of the oil and water phases, the concentration of surfactant, and the
presence of cosurfactants [87].

Kinetic stability: Kinetic stability tests aim at the rate at which destabilization
phenomena occur, such as coalescence, Ostwald ripening, or phase separation.
Generally speaking, kinetic stability is better when droplet size is smaller and sur-
factant coverage of droplets is appropriate. This process of Ostwald ripening,
where larger droplets grow at the expense of smaller ones, is an important cause
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of kinetic stability, which nanoemulsions in conditions of volatile or water-
soluble oil phases can influence largely.

1.3.9.3 Factors influencing stability: temperature, pH, and ionic strength [88]

— Temperature: Temperature variations influence the stability of the nanoemul-
sion, further affecting oil phase solubility, aqueous phase viscosity, and interfa-
cial tension between the phases. Droplet coalescence enhances with increased
temperature due to decreased viscosity of the aqueous phase, while at low tem-
peratures, phase separation may occur because of reduced molecular mobility.

— pH: The pH of the formulation can determine the ionization state of the surfac-
tants or activity that could affect their ability to stabilize the emulsion; for exam-
Pple, an emulsion that may be stabilized by ionic surfactants could be destabilized
at a pH-of-neutralization of such surfactants.

— Ionic strength: The presence of salts or electrolytes can influence stability to
emulsions by the mechanism of electrostatic repulsion screening among charged
droplets. High ionic strength would favor flocculation/coalescence through com-
pressing the electrical double layer around droplets, decreasing zeta potential
and thus reducing stability.

1.3.10 Characterization of drug release from
micro/nanoemulsions

Characterization of the release mechanism of drugs from micro/nanoemulsions is im-
portant for their performance as drug delivery systems. The profile of the release will
define the therapeutic efficacy, duration of action, and the bioavailability of the en-
capsulated drug [89]. Several in vitro techniques are employed for characterizing the
way in which the drug is released from nanoemulsions and its interaction with biolog-
ical membranes using diffusion models.

1.3.10.1 In vitro drug release techniques

In vitro release studies provide crucial data on the rate and extent of drug release

from the emulsion. These techniques help in predicting the in vivo performance of

nanoemulsions and guide formulation optimization:

— Dialysis methods: The techniques for studying it include mostly putting the
nanoemulsion into a dialysis bag and allowing the drug to diffuse, by means of a
semipermeable membrane, into an external medium. Following this, the concen-
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tration of the drug is usually monitored in the release medium as a function of
time to determine the release kinetics.

Franz diffusion cells: In this setup, the nanoemulsion goes into a donor compart-
ment, separated by a membrane from the receptor compartment. In this chamber
is a release medium simulating physiological conditions. Drug concentration mea-
sured after regular time intervals in the release medium is done to study the re-
lease profile.

Membraneless methods: These methods are based on the direct dispersion of
nanoemulsion into the release media, in which time as a function examines the
release of the drug. This method is more representative of in vivo conditions in
which the emulsion interacts directly with biological fluids.

1.3.11 Diffusion and permeation studies

Diffusion studies help understand how the drug diffuses out of the nanoemulsion,
while permeation studies assess the ability of the drug to penetrate biological barriers
such as the skin or mucous membranes:

Fick’s law of diffusion: The drug release from nanoemulsion can often be ex-
plained by Fick’s law, where the rate of diffusion depends on the gradient of con-
centration, area of surface, and coefficient of diffusion. These become important
to be known with a view to optimizing drug delivery through nanoemulsion.
Permeation studies: These studies simulate, in vitro, the interaction of the drug-
loaded nanoemulsions with either the skin or the intestinal epithelium biological
membrane for assessment of drug absorption and bioavailability. Excised animal
tissues or artificial membranes, such as Strat-M membranes, are used to simulate
in vivo conditions.

1.3.11.1 Interaction with biological membranes

The interaction of nanoemulsions with biological membranes is crucial for their effec-
tiveness in drug delivery. Nanoemulsions must penetrate biological barriers to deliver
their drug payload to the target site. The following mechanisms are typically in-
volved:

Endocytosis: Cells can take up nano-sized droplets by endocytosis, wherein the
cell membrane engulfs the emulsion droplets, thus enabling intracellular drug de-
livery.

Membrane fusion: Nanoemulsions can also fuse with the biological membrane’s
lipid bilayer, allowing the drug to be transferred directly into the cells. Whether
fusion occurs would depend on the type of the emulsion and target cell mem-
brane lipid composition.
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— Permeation enhancement: The surfactants employed in nanoemulsions disrupt
the breathing of the lipid bilayers in biological membranes, hence acting again to
enhance permeation for the uptake of drugs.

1.4 Future perspective and challenges

Despite significant advancements in the characterization of nanoemulsions, several
challenges remain in developing more efficient and scalable techniques for their
study, especially as the field of nanomedicine grows.

1.4.1 Emerging techniques in micro/nanoemulsion studies

Advancements in analytical techniques have opened up new possibilities for the de-
tailed characterization of nanoemulsions. These emerging techniques provide more
precise, real-time data on emulsion properties:

— AFM: It produces nanoscale images of droplet morphology and surface character-
istics at higher resolution than afforded by traditional electron microscopy. The
technique is nondestructive, enabling analyses in liquid states with insight into
emulsion behaviors in biological environments.

— Nanoparticle tracking analysis (NTA): Since NTA can track the Brownian mo-
tion of individual droplets, it can allow real-time monitoring of droplet size and
concentration. In view of its high sensitivity, this technique is appropriate for car-
rying out studies in the size distribution and stability of nanoemulsions.

— Cryo-TEM: It has provided a lot of insight into the structure of nanoemulsion in
its native form by providing high-resolution images of droplets in frozen condi-
tions without fixation or staining.

1.4.2 Challenges in scaling up and industrial applications

Problematic conditions exist for scaling up nanoemulsions from lab to industrial set-
tings. Nanoemulsions are sensitive systems, and slight variations in their preparation
parameters may alter their properties; this may impede the capability of repeating
the laboratorial results at a bigger scale. Quality, efficiency, and cost-effectiveness
have to be ensured for both pharmaceutical and commercial applications. Below are
some of the primary challenges in scaling up and industrializing nanoemulsion for-
mulations.
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1.4.2.1 Maintaining droplet size and distribution

While in the laboratory, fabrication with sophisticated equipment, stringent control
of the parameters, and small batches usually produced nanoemulsion uniformity in
both droplet size and distribution. During scale-up, uniform droplet size distribution
becomes quite challenging because of changes in shear force, time of mixing, and en-
ergy input. Appropriately, the high-energy approaches, such as high-pressure homog-
enization and ultrasonication, have to be fitted for scale-up without altering the qual-
ity of the emulsion.

Poor droplet size distribution can lead to reduced stability, enhanced phase sepa-
ration, and/or altered drug release profiles. The manufacturing process needs optimi-
zation of the processing conditions, surfactant concentration, and energy input in a
balanced way with consideration of control over droplet size while limiting costs.

1.4.2.2 Process reproducibility and consistency

Another important challenge is the reproducibility at industrial production scale of nano-
emulsion formulations. Variables such as temperature fluctuation, variation in pressure,
and shear rate introduce inconsistencies in large-scale production. Nanoemulsions are
sensitive to the slightest changes in such parameters; this leads to batch-to-batch variabil-
ity of some key properties such as viscosity, surface charge, and stability.

These can be minimized by the preparation of strong SOP and employment of ad-
vanced process-monitoring technologies to ensure batch-to-batch reproducibility.
Quality control at real time may be ensured through inline particle size analysis and
rheological measurements, which are crucial in view of reproducibility in processes
under scale-up studies.

1.4.2.3 Energy requirements and cost-effectiveness

The methods used for the preparation of nanoemulsions, such as ultrasonication and
high-pressure homogenization, represent the class of high-energy techniques that are
fairly energy-intensive. Scaling up these processes to industrial proportions often in-
creases the cost of production, making it hard to work out an economically viable pro-
cess. Industrial-scale continuous processing is often a necessity to increase efficiency,
but again involves additional supporting infrastructures and equipment.

Among the proposed solutions for these challenges, low-energy methods would
involve the development of either spontaneous emulsification or phase inversion
techniques — both of which are far less energy-consuming. Nevertheless, these meth-
ods are still at the stage of optimization with regard to scaling up for higher-quantity
productions.
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1.4.2.4 Stability and shelf life concerns

Nanoemulsions are prone to time-induced destabilization due to processes such as
Ostwald ripening, coalescence, and phase separation. However, while such emulsions
may be described as stable under controlled laboratory conditions, the process of in-
dustrial formulation is far more challenging because it requires taking into account a
wide range of environmental variables under different conditions of storage, trans-
portation, and consumption.

The formulation at the time of manufacturing itself would have to be optimized
to ensure a long-term stability in which droplet integrity is maintained through specif-
ically chosen stabilizers and surfactants. Further, for commercial applications, the for-
mulation of nanoemulsions has to take into consideration temperature, pH, and expo-
sure to light as critical factors.

1.4.2.5 Regulatory challenges

In fact, from the regulatory standpoint, nanoemulsions, especially pharmaceutical
ones, need to be thoroughly tested for their safety in order to satisfy different agen-
cies like the FDA and EMA. Nanoemulsion-based drug delivery systems must be effec-
tive but also safe, stable, and biocompatible.

The production scale-up must be carried out under strict observation of good
manufacturing practices to assure the product quality and compliance with the regu-
latory requirements, which may bring significant challenges in the case of innovative
formulations with less-defined regulatory pathways.

1.5 Future perspectives and challenges in emulsion
characterization

I. Emerging characterization techniques: Advanced techniques, such as AFM and
NTA, are becoming more and more common, which enable higher resolution and
far more detailed analysis of nanoemulsions. Accordingly, these techniques afford
a much deeper understanding of the dynamics of nanoscale emulsions, including
the ways to design more stable and effective formulations.

II. Green and sustainable formulations: Regarding this, the development of nano-
emulsions with natural emulsifiers and biodegradable components is under in-
creasing interest owing to the increasing demand for green pharmaceutical prod-
ucts and cosmetic formulations.

III. Nanotechnology-enhanced drug delivery: Future research will likely focus on
further optimization of nanoemulsion systems for targeted drug delivery and per-
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sonalized medicine applications. It is foreseen that the incorporation of function-
alized nanoparticles, liposomes, or dendrimers will grant nanoemulsions with
multifunctionality, as well as the capability for drugs to target a particular tissue
or even a cell.

IV. Improved stability and shelf life: The ability to overcome nanoemulsion chal-
lenges in stability will continue to remain at the forefront of research. Novel sta-
bilizers, more efficient surfactants, and optimized formulation techniques will
play a key role in the long-term stability of nanoemulsions in industrial applica-
tions.

V. Regulatory advancements: This, in return, with an increase in participation of
nanoemulsion-based drug delivery systems, calls for continuous changes in regu-
latory frameworks that can accommodate such innovative formulations. In the
near future, research will likely focus on generating the data required for the es-
tablishment of clear regulatory pathways, which will assure the safety and effec-
tiveness of nanoemulsions in pharmaceutical and cosmetic products.

Though the development and characterization of nanoemulsions have reached a high
level, there are many issues that still need improvement, such as scale-up problems
and regulatory issues. However, with continuous research and emerging new technol-
ogy, nanoemulsions surely will prove to be game-changing drug delivery systems and
find new areas of applications, from pharmaceuticals to cosmetics, and beyond.

1.6 Conclusion

Nanoemulsions have emerged as versatile drug delivery systems, enhancing the solu-
bility, stability, and bioavailability of poorly soluble drugs. Over the last decade,
major efforts have been undertaken to formulate and characterize these systems, pri-
marily for pharmaceutical purposes. However, significant obstacles remain, mostly
linked to scaling up production and ensuring long-term stability. Further advance-
ments in such problems, as well as ongoing research into their potential usage in
novel therapeutic applications, will ensure the future of nanoemulsions. Nanoemul-
sions intended for medication delivery need thorough physicochemical characteriza-
tion using diverse analytical techniques. DLS is used to evaluate droplet size and dis-
persion, influencing medication release and stability. Zeta potential measurements
reflect the surface charge of nanoemulsions, influencing colloidal stability. A high ab-
solute zeta potential signifies improved stability and less aggregation. Modern imag-
ing techniques such as cryo-EM and TEM enhance comprehension of the structural
organization of nanoemulsions by generating high-resolution pictures of their shape.
These techniques evaluate interactions among excipients, droplet uniformity, and bi-
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layer configurations, enhancing formulation parameters and assuring consistent
product performance.

The efficacy of nanoemulsions as drug-delivery devices may also be evaluated by
in vitro drug release tests. Researchers use techniques such as dialysis bag diffusion
and Franz diffusion cell approaches to simulate drug release rates and permeability
via biological membranes. This discovery enables the prediction of the release profile
of encapsulated medication inside the body, which is crucial for modifying the nano-
emulsion formulation to meet specific therapeutic goals, including regulated and con-
trolled drug delivery. The attainment of regulatory approval and the use of findings
in clinical practice depend on the relationship between in vitro and in vivo release
patterns. In addition to these characterization methods, evaluating stability is an es-
sential component of nanoemulsion development. A series of stress tests is performed,
encompassing thermal stability analyses with temperature variations, mechanical sta-
bility evaluations through centrifugation and agitation, and chemical stability assess-
ments regarding pH fluctuations and oxidative stress, all aimed at forecasting the per-
formance of nanoemulsions during storage and transport. These tests evaluate the
formulation’s resilience under various environmental conditions, therefore ensuring
its durability and market feasibility.

These are essential to expecting the in vivo release pattern of a specific active
principle and ensuring that the nanoemulsion formulation fits therapeutic needs.
Aside from these methodologies, increased stability assessment methods such as ther-
mal, mechanical, and chemical stability testing predict nanoemulsion performance
during storage and transportation.
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Chapter 2
Micro/nanoemulsions in dermatology for
enhanced therapeutic solutions

Abstract: Dermatological treatments often encounter obstacles such as poor drug pen-
etration, instability of active ingredients, and undesirable side effects associated with
conventional topical formulations. Micro- and nanoemulsions have emerged as ad-
vanced delivery systems capable of overcoming these limitations. Owing to their
unique nanoscale architecture, these formulations enhance drug solubilization, stabil-
ity, and controlled release, while minimizing irritation and systemic exposure. In der-
matology, micro/nanoemulsions enable noninvasive, site-specific therapies for a
range of skin disorders, including chronic and inflammatory conditions. Innovations
such as temperature-, enzyme-, and light/magnetic-responsive emulsions further opti-
mize drug delivery, tailoring treatment to individual patient needs. Ensuring formula-
tion stability and extended shelf life requires careful selection of excipients, packag-
ing materials, and manufacturing techniques. This work presents a comprehensive
overview of the structural design, penetration mechanisms, and clinical potential of
micro/nanoemulsions, underscoring their transformative role in dermatological ther-
apeutics.

Keywords: Nanoemulsion, microemulsion, dermal delivery, topical formulation

2.1 Introduction
2.1.1 Rising challenges in dermatological care

Topical drug delivery is a critical aspect of dermatology. It involves delivering active
pharmaceutical ingredients (APIs) directly to the skin for local treatment or, in some
cases, systemic absorption. Despite its advantages, including convenience, reduced
systemic side effects, and direct targeting of affected skin areas, topical drug delivery
faces a number of challenges, particularly when managing chronic skin disorders.
These conditions, which can persist for long periods, not only affect patients’ quality
of life but also present significant public health challenges, with a growing global
prevalence and considerable socioeconomic impact on individuals, healthcare sys-
tems, and society as a whole [1].
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Topical drug delivery, while beneficial for localized treatments, has several limi-
tations. The skin’s barrier properties, primarily the stratum corneum, restrict the pen-
etration of many drugs, particularly larger or hydrophilic molecules [2]. Factors such
as skin thickness, which varies across different body sites, further influence drug ab-
sorption. Additionally, the molecular size and lipophilicity of drugs play a crucial role
in their ability to pass through the skin; smaller, lipophilic drugs tend to be more
readily absorbed, whereas larger, hydrophilic drugs often face challenges in achieving
effective topical delivery. These limitations bhecome even more pronounced in the
management of chronic skin disorders, where consistent and effective drug delivery
is essential to improving patient outcomes and quality of life [3].

Skin conditions, such as eczema or psoriasis, can further complicate topical drug
delivery by altering skin permeability, either enhancing or reducing drug absorption
and making treatment outcomes less predictable. Additionally, patient compliance can
be challenging, particularly when treatments require frequent application or have un-
desirable cosmetic properties like greasiness or staining. Moreover, the potential for ir-
ritation or allergic reactions adds another layer of complexity, especially for individuals
with sensitive skin [4, 5]. These factors underscore the need for advanced delivery sys-
tems that can overcome these barriers while ensuring effective and patient-friendly
treatment, particularly in managing chronic skin disorders.

2.1.2 Limitations of conventional topical formulations

Conventional topical formulations primarily act on the skin’s outermost layers and
often struggle to deliver therapeutic agents effectively to deeper layers of the skin. As
a result, higher concentrations of bioactive compounds are required to achieve the
desired therapeutic effect, which in turn increases the risk of side effects such as skin
irritation, sensitization, and unwanted systemic absorption [6]. Upon application, the
active ingredient tends to accumulate at the site, forming a localized depot that is sus-
ceptible to rapid absorption, evaporation, or removal due to external factors like
washing, friction, or environmental exposure. These limitations highlight the need for
strategies that prolong the retention of bioactive molecules within the epidermis and
stratum corneum while minimizing unwanted transdermal diffusion [7-10].
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2.1.3 Innovative approaches to skin treatment: a paradigm shift

Micro- and nanoemulsions represent a promising advancement in skin treatment, con-
sisting of tiny droplets on the nanometer scale, typically smaller than 1 pm. Their phar-
maceutical applications are governed by their chemical and physical characteristics. Mi-
croemulsions are considered thermodynamically stable dispersions, with mean droplet
sizes ranging from 100 to 400 nm, while nanoemulsions are thermodynamically unsta-
ble dispersions, with mean droplet sizes of 1 to 100 nm, often requiring a co-surfactant
for stabilization due to their higher Gibbs free energy [11, 12]. The average particle di-
ameter and polydispersity index of these emulsions are influenced by both their quanti-
tative and qualitative composition. Additionally, the interplay between the surfactant,
which reduces the free interfacial energy of the system, and the selected lipid, which
impacts interfacial tension, viscosity, and lipophilicity, plays a crucial role in determin-
ing the emulsion’s stability and performance [13].

2.1.4 Micro/nanoemulsions: a game changer in dermatology

In recent years, dermatology has garnered significant attention from the pharmaceuti-
cal industry, with numerous clinical studies advancing through phase II, III, and prereg-
istration stages. Among various dermatological conditions, plaque psoriasis remains the
most widely targeted indication in this already saturated market. Amid these develop-
ments, microemulsions and nanoemulsions have emerged as highly effective delivery
systems, offering distinct advantages over conventional topical formulations in terms of
drug administration, bioavailability, and patient compliance [14]. These innovative de-
livery methods enhance the penetration of APIs into the skin, improve therapeutic out-
comes, and provide a cosmetically elegant formulation that enhances patient adher-
ence. As colloidal dispersions consisting of tiny droplets of one phase dispersed within
another, microemulsions and nanoemulsions leverage their large surface area and
small droplet size to offer unique benefits for topical drug delivery, making them prom-
ising tools for revolutionizing dermatological treatments [15].

2.2 Micro/nanoemulsions: structural design
and functional mechanisms

Micro/nanoemulsions, with droplet sizes playing a pivotal role in determining optical
clarity, stability, release patterns, and rheological properties, have emerged as crucial
systems for drug delivery. Their turbidity (7), governed by light transmission, directly
reflects droplet size, making it a key parameter in formulation development [16].
Among various types, oil-in-water emulsions are particularly advantageous, enhanc-
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ing drug absorption by minimizing intersubject variability and providing protection
against oxidative and hydrolytic degradation. These systems not only improve thera-
peutic efficacy but also reduce required drug doses, thereby lowering the risk of side
effects. Long-chain triacylglycerols are often preferred as the oil phase due to their
abundance, cost-effectiveness, and additional nutritional benefits. The overall stability
of micro/nanoemulsions is intricately linked to the physicochemical properties of the
oil phase, including interfacial tension, refractive index, viscosity, polarity, chemical
stability, density, water solubility, and phase behavior, all of which contribute to en-
suring a robust and effective delivery system [17].

The skin, the body’s largest organ, functions as a critical protective barrier,
shielding internal systems from pathogens, chemicals, and physical harm [18]. This
defense is primarily attributed to the stratum corneum, the outermost layer of the
epidermis, which tightly regulates the penetration of both hydrophilic and lipophilic
substances [19]. Drug delivery through the skin is inherently challenging due to its
multilayered structure and selective permeability. The success of transdermal drug
therapy depends on multiple factors, including the physicochemical properties of the
drug, the formulation used, and the architecture of the skin itself [20].

Microemulsions and nanoemulsions have emerged as advanced delivery systems
capable of bypassing the skin’s natural defenses and enhancing drug penetration by uti-
lizing multiple routes of entry. The three main pathways for dermal absorption include:
— Intercellular route: Drug molecules diffuse through the lipid-rich spaces be-

tween corneocytes, favoring small and lipophilic compounds.

— Intracellular route: Penetration occurs directly through keratin-filled cells, re-
quiring a balance of hydrophilic and lipophilic properties.

— Follicular route: Drugs are transported through hair follicles and sebaceous
glands, offering an efficient route for larger molecules or particles.

By exploiting these routes, micro- and nanoemulsions significantly enhance drug
transport across the skin barrier. Their nanosized droplets and thermodynamically
stable structures enable deeper and sustained delivery of therapeutic agents, ulti-
mately improving efficacy, while minimizing systemic absorption [21]. Figure 2.1 pro-
vides a visual representation of the key skin penetration mechanisms utilized by topi-
cal drug delivery systems, highlighting how micro- and nanoemulsions enhance
transport through intercellular, intracellular, and follicular pathways.

2.3 Therapeutic superiority of micro/nanoemulsions
in dermatology

Microemulsions and nanoemulsions are particularly beneficial in the treatment of
various skin conditions, offering superior drug solubilization, enhanced permeation,
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Figure 2.1: Representation of skin penetration mechanisms.

and reduced toxicity. Below are the key aspects linking their therapeutic superiority
to specific dermatological concerns [22].

2.3.1 Enhanced drug solubilization and stability

Enhanced drug solubilization and stability are key factors that contribute to the thera-
peutic superiority of micro/nanoemulsions in dermatology. These advanced delivery
systems excel at dissolving lipophilic (oil-soluble) medications within their oil phase,
creating an ideal environment for hydrophobic drugs that are typically challenging to
incorporate into aqueous-based formulations. Moreover, unlike conventional emul-
sions, micro- and nanoemulsions are thermodynamically stable and resistant to phase
separation over time. This remarkable stability is particularly beneficial for topical for-
mulations in dermatology, which require a long shelf life and consistent therapeutic per-
formance. As a result, enhanced solubilization and stability enable a steady, prolonged
drug release, making these systems especially effective in treating skin infections, psoria-
sis, acne, and even in cosmetic applications where sustained action is crucial [23].

2.3.2 Enhanced targeting and permeation

Skin penetration: Micro- and nanoemulsions significantly enhance drug penetration
through the skin barrier. Their extremely small droplet size, often in the nanometer
range, increases the surface area for interaction with the skin, thereby facilitating bet-
ter diffusion through the stratum corneum - the skin’s outermost, most resistant
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layer. Additionally, these tiny droplets can temporarily disrupt the lipid matrix of the
stratum corneum, allowing the encapsulated drug to traverse deeper into the viable
epidermis and dermis more effectively. Compared to conventional formulations such
as emulsions, creams, and ointment gels, numerous studies have shown that pharma-
ceuticals delivered as nanoemulsion systems have improved drug penetration [24].

Targeting: These delivery systems can be precisely engineered to target specific skin
layers or cell types. For example, they can be modified to preferentially deposit drugs in
sebaceous glands for acne treatment or in melanocytes, for addressing hyperpigmentation
disorders. This enhanced targeting is primarily attributed to the small droplet size, which
facilitates uniform distribution and deeper penetration at the intended site [25]. Further-
more, surface modifications — such as ligand conjugation or the incorporation of pH-
responsive materials — can be employed to further refine the targeting capability, ensur-
ing that the therapeutic agent is released precisely where it is needed for optimal efficacy.

Improved bioavailability: Improved bioavailability is achieved, as the permeability
of the skin is enhanced by nano-emulsion, allowing drugs that are typically poorly
absorbed to be delivered in higher concentrations at the target site [26]. Enhanced
penetration and retention are facilitated by the small droplet size, resulting in in-
creased local drug concentrations. As a consequence, therapeutic efficacy is improved
in the treatment of chronic skin conditions, where elevated drug levels are required
for optimal outcomes [26].

2.3.3 Reduction of drug toxicity and irritation

Conventional dermatological formulations, particularly those incorporating potent
APIs, are often associated with skin irritation and adverse reactions. Micro- and nano-
emulsions, however, present a sophisticated approach to drug delivery by enabling
controlled, localized administration, thereby reducing systemic exposure and mini-
mizing undesirable effects such as erythema and irritation. These emulsions encapsu-
late APIs within their internal phase, creating a protective barrier that prevents direct
interaction with the skin surface, consequently mitigating the risk of dermal toxicity
[27]. This characteristic is particularly advantageous in the delivery of corticosteroids
or anti-inflammatory agents, where prolonged use in conventional formulations can
result in significant side effects. Moreover, the enhanced permeation and retention
offered by micro- and nanoemulsions facilitate the administration of higher drug con-
centrations, while reducing systemic absorption, making these systems especially suit-
able for treating sensitive skin conditions such as rosacea. The ability to provide sus-
tained release, while minimizing irritation, highlights their potential in optimizing
therapeutic outcomes and improving patient adherence [28].
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2.3.4 Noninvasive therapeutics for chronic skin conditions

Micro- and nanoemulsions offer a noninvasive alternative to oral or injectable thera-
pies for chronic skin conditions, mitigating the risk of systemic side effects, often asso-
ciated with these conventional routes of administration. These emulsions have shown
remarkable efficacy in managing chronic dermatological disorders such as vitiligo, ec-
zema, and psoriasis, owing to their ability to provide sustained drug release directly
at the site of the skin condition [29]. The prolonged retention and controlled release of
therapeutic agents ensure long-lasting activity, reducing the need for frequent appli-
cations and enhancing treatment adherence. Additionally, the convenience and ease
of application associated with these advanced delivery systems improve patient com-
pliance, making them particularly suitable for long-term management of conditions
like acne, which require consistent care over extended periods [30].

2.3.5 Smart micro/nanoemulsions for site-specific release

Smart microemulsions and nanoemulsions are particularly advantageous in applica-
tions where precise localization of therapeutic agents is essential, such as in dermatol-
ogy, oncology, and targeted drug delivery [31].

2.3.5.1 Temperature-responsive emulsions

Temperature-responsive micro- and nanoemulsions represent a promising advance-
ment in dermatological and transdermal drug delivery, leveraging structural or rheo-
logical changes in response to temperature variations to optimize drug deposition at
the target site. Upon exposure to body temperature (37 °C), these emulsions can transi-
tion into a gel-like state, enhancing skin retention and providing sustained drug re-
lease. This transformation improves therapeutic outcomes by ensuring prolonged
contact with the skin and reducing the need for frequent reapplication. Poloxamer-
based emulsions, in particular, have been extensively investigated for their thermo-
sensitive properties, making them highly suitable for delivering drugs in chronic skin
conditions, where controlled and extended release is crucial [33].

2.3.5.2 Enzyme-responsive emulsions

Enzyme-responsive emulsions are engineered to exploit the enzymatic activity pres-
ent in the skin environment. In lipase-responsive formulations, lipid-based carriers
are degraded upon exposure to skin lipases, thereby ensuring controlled drug release
and enhanced penetration [34]. Similarly, formulations incorporating peptide-based
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surfactants are designed to degrade in response to proteolytic enzymes, which facili-
tates targeted delivery in inflamed or diseased skin [34].

2.3.5.3 Magnetic and light-responsive emulsions

Stimuli-responsive micro- and nanoemulsions, activated by external magnetic fields
or light exposure, offer a novel approach to enhancing drug penetration and thera-
peutic efficacy in dermatology and transdermal drug delivery. These emulsions un-
dergo structural modifications upon exposure to specific stimuli, enabling precise
control over drug release and improving treatment outcomes. In particular, light-
responsive emulsions incorporate photosensitive compounds like spiropyrans or azo-
benzenes, which undergo reversible conformational changes when exposed to light,
allowing for on-demand drug release [35, 36].

2.4 Formulation strategies for maximizing stability
and shelf life

Formulating stable micro- and nanoemulsions is crucial for ensuring their efficacy and
shelf life in dermatological applications. Key strategies focus on optimizing surfactant
selection, oil phase composition, and droplet size to prevent phase separation and deg-
radation over time. Proper pH adjustment, antioxidant incorporation, and temperature
control further enhance stability by protecting sensitive active ingredients. These ap-
proaches ensure consistent drug delivery, making emulsions more reliable for long-
term therapeutic use.

2.4.1 Material used for the preparation of nanoemulsion with
their properties

The selection of materials for micro/nanoemulsion formulation plays a crucial role in
determining their physicochemical properties and therapeutic efficiency. Micro/nano-
emulsions are typically composed of oils, surfactants, co-surfactants, and aqueous
phases. Each component contributes specific properties that influence the stability,
droplet size, and drug release profile of the formulations listed in Table 2.1 [36].
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Table 2.1: Formulation strategies for maximizing stability of micro- and nanoemulsions.

Materials Properties Examples
used
Oil/lipids The oil phase consists of lipophilic Essential oils (e.g., eucalyptus oil and

compounds, which can be essential oils,
vegetable oils, or synthetic oils.

peppermint oil)

Vegetable oils (e.g., olive oil and coconut
oil)

Medium-chain triglycerides (MCTs)
Mineral oils

Synthetic oils (e.g., isopropyl myristate)

Aqueous phase

This is primarily water or an aqueous
buffer that dissolves hydrophilic
components.

Distilled water

Phosphate-buffered saline (PBS)

Glycerol or ethanol (sometimes used as co-
solvents)

Polysaccharides

When dissolved in water, they form strong
hydrogen bonds and impart favorable
mechanical qualities to edible coatings and
films.

Gum arabic, pectins, modified starch,
modified alginate, modified celluloses, and
some cellulose or galactomannans
derivatives, gums, alginates, carrageenans,
starches, and pectins

Surfactants These help stabilize the nanoemulsion by ~ Tween 20, Tween 80 (polysorbates)
reducing interfacial tension between oil Span 80 (sorbitan monooleate)
and water. Lecithin (natural emulsifier)
Sodium dodecyl sulfate (SDS)
PEGylated surfactants
Active Nanoemulsion is used for drug delivery, Pharmaceuticals (e.g., curcumin, ibuprofen,
ingredients cosmetics, or food; bioactive compounds  and cannabidiol)
are included. Vitamins (e.g., vitamin E and vitamin C)
Antimicrobials (e.g., silver nanoparticles
and essential oils)
Density Substances that are added to oil droplets  Glycerol propylene glycol, sucrose, sodium
modifiers such that their densities correspond to the chloride (NaCl), polyethylene glycol (PEG),
surrounding continuous phase. mannitol, silicone oils, and fluorinated oils
Texture Compounds that gel the aqueous phase or  Gelatin, whey protein, soy protein,
modifiers improve the viscosity. These can also be carbomers (e.g., Carbopol 940 and

used to offer desired textural features, or
prevent gravitational separation.

Carbopol 934), polyvinyl alcohol (PVA),
polyacrylic acid, and polyethylene glycol
(PEG)
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Table 2.1 (continued)

Materials Properties Examples

used

Stabilizers These enhance the stability of the Polymers (e.g., chitosan and xanthan gum)
nanoemulsion by preventing phase Proteins (e.g., whey protein and casein)
separation.

Plasticizers Modifies the polymer’s hardness and Monosaccharides, oligosaccharides (honey,
thermoplastic qualities, reduces brittleness glucose, sucrose, and fructose), polyols
and cohesiveness, and adds flexibility. (sorbitol, polyethylene glycols, and

glycerol), lipids and its derivatives (fatty
acids and phospholipids), ethylene glycol,
glycerol, sucrose, sorbitol, and xylitol

2.4.2 Formulation strategies
2.4.2.1 High-energy methods

High-energy methods utilize mechanical energy to break down larger droplets into nano-
sized particles. Ultrasonication employs high-frequency sound waves to create intense
cavitation, resulting in droplet disruption and size reduction [37, 38]. In high-pressure ho-
mogenization, a coarse emulsion is passed through a narrow orifice under high pressure,
creating intense shear and turbulence that produce nanosized droplets [67]. These meth-
ods are particularly effective in producing small, uniform droplets, making them suitable
for scalable production [68].

2.4.2.2 Low-energy methods

Low-energy methods rely on the spontaneous formation of nanoemulsions by ex-
ploiting the physicochemical properties of the system. Phase inversion involves al-
tering the temperature or composition to achieve a phase transition that reduces
interfacial tension, leading to the self-assembly of nanosized droplets [39]. Spontane-
ous emulsification, on the other hand, occurs when an organic phase containing oil,
surfactants, and co-surfactants is introduced into an aqueous phase under specific
conditions, resulting in the formation of nanoemulsions, without the need for exter-
nal energy [40, 41]. These methods are cost-effective and suitable for thermosensi-
tive drugs or compounds [42].
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2.5 Clinical applications of micro/nanoemulsions
in dermatological therapy

The clinical utility of micro- and nanoemulsion in dermatology continues to grow, with
ongoing research exploring their applications in treating acne, psoriasis, and other
chronic skin disorders. These advanced delivery systems not only improve drug absorp-
tion but also reduce side effects, offering a safer, more targeted approach to dermatolog-
ical therapy [43].

Microemulsions and nanoemulsions are both types of emulsions that have unique
properties useful in dermatological therapy. These emulsions have been increasingly
utilized for the delivery of drugs, cosmetics, and other therapeutic agents due to their
enhanced stability, skin penetration, and ability to deliver active ingredients more ef-
fectively than traditional formulations.

Numerous studies have demonstrated the potential of nanoemulsions in enhanc-
ing the solubility and bioavailability of poorly water-soluble drugs for topical admin-
istration. For instance, prednicarbate, a next-generation corticosteroid with low aque-
ous solubility but a favorable risk-benefit profile, has shown enhanced penetration
and therapeutic efficacy when incorporated into nanoemulsion-based formulations.
This advancement has proven particularly beneficial in managing conditions such as
atopic dermatitis, where improved drug delivery to inflamed skin is crucial [44].

Moreover, the use of nanoemulsion extends to innovative applications such as topi-
cal caffeine delivery for skin cancer treatment. Recent studies have highlighted caf-
feine’s anticancer properties, making it a potential candidate for topical intervention.
Formulating caffeine in nanoemulsions has shown promise in enhancing its transder-
mal penetration, paving the way for more effective therapeutic outcomes [45].

The potential of oral retinoids, cyclosporines, and methotrexate (MTX) in treating
psoriasis has been well established. However, systemic administration of MTX often
leads to gastrointestinal side effects and liver toxicity, limiting its prolonged use. Nano-
emulsion-based topical delivery of MTX offers a promising alternative, demonstrating
reduced inflammation and epidermal cell proliferation, while minimizing systemic ad-
verse effects. This enhanced efficacy is attributed to the nanoemulsion’s ability to alter
cellular organization and interact with membrane enzymes and transporters, facilitat-
ing improved drug penetration across psoriatic skin [45].

Nevertheless, psoriatic skin poses unique challenges to drug delivery, acting as a
formidable barrier due to plaque formation, scaling, epidermal thickening, and elon-
gation of epidermal ridges. These structural changes hinder nanoemulsion penetra-
tion, as confirmed by microdialysis and in vitro permeation studies. Compounds such
as aceclofenac and capsaicin exhibited reduced penetration into the receptor com-
partment through inflammatory, psoriatic skin compared to healthy skin, underscor-
ing the need for further optimization of nanoemulsion formulations to overcome
these barriers and maximize therapeutic outcomes.
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In addition to methotrexate, other poorly soluble drugs such as paclitaxel (PCL)
have also been explored for nanoemulsion-based topical delivery in psoriasis treat-
ment. Paclitaxel, classified as a Biopharmaceutics Classification System (BCS) Class IV
drug, is characterized by poor solubility and limited permeability, posing challenges
for effective delivery. To address these issues, TPGS-based (d-a-Tocopheryl polyethyl-
ene glycol succinate) nanoemulsions have been investigated for their ability to local-
ize PCL in deeper skin layers for extended periods, thereby enhancing its therapeutic
efficacy.

Due to its high molecular weight and lipophilic nature, PCL serves as an ideal candi-
date for skin localization using nanoemulsions. The goal is to increase the drug concen-
tration directly at the site of action, while minimizing systemic exposure, a crucial aspect
in managing psoriasis. TPGS-based o/w (oil-in-water) nanoemulsions have shown re-
markable efficacy in achieving localized drug accumulation, significantly enhancing
PCL’s skin bioavailability. Pharmacokinetic studies revealed that upon dermal applica-
tion, the nanoemulsion facilitated higher drug deposition across the stratum corneum,
epidermis, and dermis, demonstrating a regional advantage over conventional delivery
methods.

Notably, the maximum local concentration of PCL in the dermis reached 10 ug/cm?
following topical nanoemulsion application, while systemic absorption remained mini-
mal at approximately 100 ng/mL. In contrast, intravenous administration of the same
formulation yielded a maximum local concentration of only 1 ug/cm? underscoring the
superior localization achieved through nanoemulsion-mediated delivery. These findings
highlight the potential of nanoemulsions not only in enhancing local drug concentra-
tions but also in reducing systemic toxicity, making them a promising strategy for im-
proving psoriasis management [46-48].

In the field of wound healing and dermatological therapy, micro- and nanoemul-
sions have been extensively studied as advanced delivery systems to enhance thera-
peutic outcomes. Coenzyme Q10 microemulsions and curcumin nanoemulsions have
been identified as promising candidates for topical wound treatment due to their anti-
oxidant and anti-inflammatory properties [63, 64]. Furthermore, nanoemulsion-based
gels incorporating phytochemicals such as resveratrol and ferulic acid have been de-
veloped as innovative alternatives for UV protection, offering improved stability and
controlled release [65, 66].

The formulation of clobetasol propionate (CP), a potent corticosteroid used in
managing inflammatory skin conditions like atopic dermatitis and psoriasis, into a
nanoemulsion (CP-NE) has been investigated to enhance its therapeutic efficacy. In a
preclinical study involving a rat model of contact dermatitis, superior in vivo efficacy
was demonstrated by CP-NE (0.05%) compared to conventional formulations. En-
hanced NTPDase activity in rat lymphocytes was observed, indicating an improved
anti-inflammatory response, likely attributed to enhanced drug penetration and con-
trolled release.



Chapter 2 Micro/nanoemulsions in dermatology =—— 61

The clinical utility of CP lies in its vasoconstrictive, anti-inflammatory, immuno-
suppressive, and antiproliferative properties, making it valuable for the management
of severe dermatological conditions. However, in traditional formulations, prolonged
use has been associated with adverse effects such as skin atrophy and systemic ab-
sorption. Through nanoencapsulation, these risks were mitigated by reducing the fre-
quency of administration, while optimizing dermato-kinetics. Sustained drug release
and prolonged therapeutic action at the target site were ensured, resulting in an en-
hanced risk-benefit ratio. The successful incorporation of CP into nanoemulsions
exemplifies the potential of micro- and nanoemulsion technologies to improve derma-
tological therapies, offering safer and more effective treatment options for chronic
skin conditions [59].

The versatility of micro- and nanoemulsion-based delivery systems has paved the
way for diverse applications in both medical and cosmetic fields. Table 2.2 highlights
a broad spectrum of natural and synthetic drugs with significant pharmaceutical po-
tential that can be incorporated into these advanced formulations. Such versatility
not only facilitates the development of innovative therapeutic solutions but also offers
new product opportunities in the highly competitive cosmetics market [56-58].

In dermatological therapy, these emulsions have been harnessed for the formula-
tion of anti-inflammatory creams, such as diclofenac-containing Voltaren Emulgel
(GSK, Brentford, UK), which provides localized relief from pain and inflammation.
Similarly, emulsions have found use in the treatment of burns, exemplified by trol-
amine-based products like Biafine (Johnson & Johnson), renowned for their soothing
and healing properties. Moreover, the cosmetic industry has embraced emulsion tech-
nology for the creation of antiaging products by well-known brands such as Mibelle,
Avéne, and Vichy, leveraging the enhanced penetration and sustained delivery bene-
fits of these systems [52-55].

Several emulsion-based products are already commercially available for general
consumer use, demonstrating the widespread acceptance and effectiveness of this
technology. These formulations offer improved bioavailability, stability, and targeted
delivery of active ingredients, ensuring prolonged therapeutic action and minimizing
side effects. As research in this field advances, micro- and nanoemulsions continue to
emerge as promising platforms for the next generation of dermatological and cos-
metic products, combining efficacy, safety, and consumer appeal [62].

2.5.1 Fungal infections

Nanoemulsions have emerged as a promising technology in the treatment of fungal
infections due to their enhanced antifungal activity, improved bioavailability, and po-
tential to reduce drug resistance. Composed of nanosized oil and water droplets, stabi-
lized by surfactants, these formulations have demonstrated superior drug delivery
mechanisms, offering new therapeutic avenues against human-pathogenic fungi.
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Table 2.2: Microemulsion and nanoemulsion technology applications to improve natural and synthetic
drug delivery and bioactivity.

S.no. Drug name Bioactivity Formulation References
01 Ibuprofen  Anti-inflammatory analgesic o/w Palmolein ester 50
activity; increased drug solubility
02 Pioglitazone Anti-inflammatory activity Castor oil, Labrasol®, propylene 51
glycol, and o/w Labrafac® lipophile
03 Retinyl Increased permeability Labrasol® and Plurol® 60
palmitate Anti-inflammatory Oleiqueo/w
04 Capsaicin Analgesic Olive oil, Tween® 80, 65
Increase solubility and Span® 80, ethanol
bioavailability o/w
05 Betulin Anti-inflammatory activity Flax-seed oil, egg, 66
Anticarcinogenic activity phosphatydilcholine, o/w
06  Eugenol Anti-inflammatory activity Tween® 80, Labrasol®, o/w 70
Tween® 20, isopropyl alcohol, o/w
07 Curcumin Increased permeability Limonene, lecithin, ethanol, 71
eucalyptol, lecithin, And ethanol
08 Clotrimazole Antifungal activity Labrafac® lipophile, Labrasol®, 72
capryol
09 Lipoic acid  Antiaging activity w/o and o/w 74
Shea butter, squalane, stearol,
Plurol® oleique CC947
10 Etoricoxib  Increased drug delivery Triacetin, cremophor 75

Recent investigations have highlighted the ability of nanoemulsions to encapsulate
and improve the effectiveness of antifungal agents. For instance, the incorporation of
undecanoic acid into chitosan-based nanoemulsions significantly enhanced antifungal
efficacy and biocompatibility, positioning them as a competitive alternative to con-
ventional therapies [68]. Similarly, cationic nanoemulsions, loaded with miconazole,
nitrate exhibited synergistic effects, increasing drug penetration and deposition in
fungal-infected tissues [69]. Essential oil-based nanoemulsions have also shown re-
markable antifungal properties. Studies on clove oil and thyme oil nanoemulsions re-
vealed strong activity against Candida and Aspergillus species, outperforming tradi-
tional emulsions by enhancing biofilm disruption and improving antifungal agent
penetration, crucial for addressing persistent infections [70].

By enhancing drug transport and targeting mechanisms, nanoemulsions present
a viable strategy to overcome fungal resistance. Their capacity to improve drug solu-
bility, stability, and controlled release further reinforces their suitability for antifun-
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gal applications [71]. Notably, ketoconazole-loaded cationic nanoemulsions demon-
strated superior in vitro and in vivo efficacy in treating cutaneous fungal infections
compared to traditional formulations [72].

Overall, nanoemulsions represent a highly effective approach to combating
human-pathogenic fungi, offering enhanced antifungal activity, reduced drug resis-
tance, and improved bioavailability.

2.5.2 Pigmentation disorders: understanding melasma

Pigmentation disorders, such as melasma, vitiligo, and post-inflammatory hyperpig-
mentation, present significant challenges in dermatology. Conventional treatments,
including hydroquinone, corticosteroids, and laser therapy, often exhibit limitations
such as instability, side effects, and inconsistent efficacy. Recent advances in nano-
technology have positioned microemulsions as an innovative delivery system for
managing pigmentation disorders due to their enhanced skin penetration, stability,
and controlled drug release [73].

Microemulsions have demonstrated significant potential in improving the effi-
cacy of depigmenting agents. A study focused on hydroquinone-loaded microemul-
sions, highlighting their superior stability and dermal penetration compared to con-
ventional formulations. The optimized microemulsion achieved prolonged drug
release and enhanced permeability, making it a promising vehicle for hyperpigmenta-
tion treatment. Similarly, investigation done on the use of Pouteria macrophylla fruit
extract in a microemulsion for cutaneous depigmentation revealed increased tyrosi-
nase inhibition and improved melanin reduction compared to standard formula-
tions [74].

Beyond hydroquinone, natural bioactives have been explored for their depig-
menting potential. Curcumin-loaded microemulsions, formulated with geranium oil,
exhibited significant antioxidant and anti-inflammatory properties, which are essen-
tial in reducing oxidative stress-related hyperpigmentation. These findings align with
broader discussions on melanin biopolymers in pharmacology, where the importance
of targeting melanogenesis pathways to achieve effective pigmentation control was
emphasized [75].

In addition to therapeutic applications, microemulsions play a crucial role in cos-
meceuticals. A review explored various pigmentation treatment strategies, noting the
advantages of microemulsion-based delivery for active ingredients such as tyrosinase
inhibitors and botanical extracts. These formulations offer a safer and more effective
alternative to traditional skin-lightening treatments [76].
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2.5.3 Wound healing

Wound healing is a complex hiological process involving inflammation, tissue regen-
eration, and remodeling. Traditional wound treatments encounter challenges such as
infection risks, slow healing rates, and limited drug penetration. Microemulsions, as
advanced drug delivery systems, have demonstrated significant potential in enhanc-
ing wound healing by improving the stability, permeability, and bioavailability of
therapeutic agents [77-79].

Recent studies have explored the role of microemulsions in wound healing, par-
ticularly in delivering bioactive compounds with antibacterial, anti-inflammatory,
and regenerative properties. The thermodynamic stability and small droplet size of
microemulsions facilitate deeper skin penetration and sustained drug release, offer-
ing a promising avenue for wound and burn healing [80].

Microemulsions incorporating plant-based extracts have shown remarkable effec-
tiveness in promoting wound repair. For instance, Sophora gibbosa extract, delivered
via a chitosan/gelatin-based microemulsion dressing, significantly accelerated full-
thickness wound repair. This formulation provided enhanced moisture retention, anti-
microbial activity, and histological improvements, highlighting its clinical applicability.

Furthermore, fusidic acid-loaded microemulsion gel demonstrated efficacy in
burn wound healing by promoting re-epithelialization and reducing bacterial infec-
tions in in vivo studies with Wistar rats. These findings reinforce the importance of
microemulsions in delivering antimicrobial agents to prevent infections and improve
wound recovery [81].

Beyond antimicrobial applications, microemulsions have also been employed for
anti-inflammatory purposes. Curcumin encapsulated in geranium oil microemulsions
exhibited superior antioxidant, anti-inflammatory, and antibacterial properties.
Given the role of oxidative stress in delayed wound healing, microemulsions, enhanc-
ing the bioavailability of curcumin and similar compounds, could offer substantial
therapeutic benefits [82].

Overall, microemulsions represent a promising strategy for wound healing by pro-
viding controlled drug release, improving drug solubility, and enhancing skin penetra-
tion. Future research should focus on optimizing formulations, conducting clinical trials,
and exploring their synergistic potential with other nanotechnology-based therapies.

2.5.4 Diabetic ulcers

In addition to moisture retention, nanoemulsions have shown remarkable potential
in delivering therapeutic agents that target infection control and inflammation reduc-
tion in diabetic ulcers. A study involving a silver sulfadiazine-loaded nanoemulsion
demonstrated significant antibacterial activity against multidrug-resistant bacteria
commonly found in chronic wounds, thereby preventing infection and facilitating
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faster tissue regeneration. Moreover, nanoemulsions incorporating natural bioactives
such as tea tree oil and eucalyptus oil exhibited synergistic antimicrobial effects, ef-
fectively combating biofilm formation, while minimizing cytotoxicity to healthy tis-
sues [82]

The ability of nanoemulsions to modulate inflammatory responses further con-
tributes to their efficacy in treating chronic wounds. For instance, curcumin-loaded
nanoemulsions exhibited potent anti-inflammatory activity, reducing oxidative stress
and enhancing fibroblast proliferation, key factors in promoting tissue repair in dia-
betic wounds. Furthermore, the controlled release of therapeutic agents ensured a
sustained effect, preventing drug degradation and maintaining optimal drug concen-
trations at the wound site over prolonged periods [83].

Another promising approach involved the use of growth factors encapsulated in
nanoemulsions, which accelerated cellular proliferation and angiogenesis, crucial for
tissue remodeling in chronic wounds. This strategy not only enhanced the bioavail-
ability of growth factors but also provided protection against enzymatic degradation
in the wound environment, thereby ensuring prolonged therapeutic action [84].

Overall, the integration of micro- and nanoemulsions in diabetic ulcer treatment
offers a multifaceted approach by addressing infection control, inflammation, hydra-
tion, and tissue regeneration. Future research should focus on clinical validation and
exploring combinations of bioactive agents to optimize therapeutic outcomes, paving
the way for the development of more effective and personalized treatments for
chronic wounds [85].

2.5.5 Quality evaluation of micro/nanoemulsions in dermatology

Micro- and nanoemulsions are widely used in dermatology due to their enhanced
skin penetration, stability, and ability to encapsulate active ingredients. Evaluating
their quality is essential to ensure efficacy, safety, and stability.

2.5.5.1 In vitro studies

—  Skin models: Human or animal skin models are used to evaluate the permeabil-
ity and penetration of drugs delivered through nanoemulsions. These studies
help determine whether the active ingredients in a formulation can effectively
reach the target tissue (e.g., dermis and epidermis) [86].

—  Cell culture: Cell-based assays are used to assess the cytotoxicity, bioactivity, and
potential therapeutic effects of micro/nanoemulsions on skin cells, such as kerati-
nocytes, fibroblasts, and melanocytes.
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— Release profile: In vitro testing is also used to investigate the release profile of
active ingredients encapsulated in nanoemulsions, ensuring that the drugs are re-
leased in a controlled and sustained manner [87].

2.5.5.2 In vivo studies

— Animal models: Animal models (e.g., mice, rats, and rabbits) are employed to as-
sess the safety, irritation potential, and therapeutic efficacy of emulsion-based
formulations. These models simulate various skin diseases, such as wound heal-
ing, psoriasis, acne, and fungal infections.

- Toxicology: Studies on skin irritation, allergic responses, and general toxicity are
conducted to ensure the safety of formulations before human testing. For exam-
ple, formulations like nanoemulsions are tested for dermal irritation and sensiti-
zation in preclinical animal models [88].

— Efficacy testing: Animal models are used to assess the efficacy of nanoemulsions
in treating specific dermatological conditions. For instance, the reduction of acne
lesions or the healing of diabetic ulcers may be tested by applying a nanoemul-
sion containing active ingredients (e.g., retinoids, antibiotics, and growth fac-
tors) [89].

2.5.6 Toxicity concerns in dermatological applications

Toxicity in dermatological applications refers to the potential adverse effects that sub-
stances may exert on hiological systems, emphasizing the importance of ensuring that
topical treatments do not cause long-term harm to the skin or underlying tissues [90].
Personal care products often comprise a diverse range of chemical compounds, some
of which have raised significant concerns regarding their safety. Certain ingredients
have been associated with skin irritation, endocrine disruption, and, in some cases,
carcinogenic risks, highlighting the need for thorough evaluation and regulatory over-
sight [91].

2.5.6.1 Common toxic ingredients and their dermatological impacts

2.5.6.1.1 Heavy metalss

Heavy metals such as lead and mercury are often found in skin-lightening creams
and cosmetics. Lead exposure is linked to neurotoxicity, while mercury can cause
nephrotoxicity and dermatitis. A study using laser-induced breakdown spectroscopy
detected high concentrations of these metals in nonbranded cosmetic products, ex-
ceeding safe limit [92].
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2.5.6.1.2 Endocrine disruptors (parabens, phthalates, and bisphenol A)

These chemicals are widely used as preservatives and plasticizers in skincare prod-
ucts. Studies have linked them to hormonal imbalances, reproductive toxicity, and
breast cancer risk. A high-performance liquid chromatography study identified endo-
crine-disrupting phenolic compounds in various cosmetic formulations, highlighting
regulatory concerns [93].

2.5.6.1.3 Fragrance compounds and allergens

Synthetic fragrances and preservatives such as formaldehyde-releasing agents can
cause allergic dermatitis and respiratory issues. A recent review examined the impact
of fragrance chemicals on indoor air quality and their role in exacerbating conditions
like asthma and eczema [94].

2.5.6.1.4 Skin-lightening agents (hydroquinone and steroids)

Hydroquinone, often used in skin-lightening creams, has been associated with ochro-
nosis, a condition leading to skin discoloration and long-term damage. A comprehen-
sive dermatological review outlined the health risks of hydroquinone and steroid-
based depigmenting agents [95-98].

2.5.6.1.5 Nanoparticles in sunscreens and skincare

Titanium dioxide and zinc oxide nanoparticles are commonly used in sunscreens.
While effective as UV filters, concerns exist regarding their ability to penetrate the
skin and cause oxidative stress [99, 100].

2.5.6.2 Toxicity testing for nano- and microemulsions

2.5.6.2.1 In vitro cytotoxicity testing

Cytotoxicity assessments evaluate the impact of nanoemulsions on cell viability and
function. Hemp (Cannabis sativa L.) essential oil nanoemulsions were tested on
human cell lines, revealing no significant increase in proinflammatory cytokine lev-
els, indicating a favorable safety profile [101].

2.5.6.2.2 Genotoxicity and ecotoxicity

Genotoxicity studies assess DNA damage potential, while ecotoxicity examines envi-
ronmental impact. Mancozeb and eugenol nanoemulsions underwent cytotoxicity and
genotoxicity evaluations, showing low toxicity in human cells but raising environmen-
tal concerns [102].
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2.5.6.2.3 In vivo toxicity studies

Animal models provide insights into systemic toxicity and organ accumulation. Gluta-
thione-loaded nanoemulsions demonstrated hepatoprotective effects, suggesting
biocompatibility and reduced toxicity in liver cells [103].

2.5.6.2.4 Biocompatibility and long-term safety

The safety of nanoemulsions in dermatological and pharmaceutical applications re-
quires extended stability testing. Palm tocotrienol-rich fraction nanoemulsions
showed no signs of dermal or ocular irritation in reconstructed human epidermis
models, supporting their potential use in topical formulations [104].

2.5.6.2.5 Toxicity mitigation strategies

Nanoemulsion formulation adjustments, such as using biocompatible surfactants, re-
ducing particle size, and incorporating natural stabilizers, can minimize toxicity. A
study on cinnamaldehyde nanoemulsions optimized formulation parameters to en-
hance antifungal activity while maintaining safety [105].

2.5.6.2.6 Skin sensitization
Sensitization studies are conducted to identify any potential allergic reactions that
might result from exposure to the formulation [106].

2.5.6.2.7 Dermal penetration studies

Preclinical studies test the extent of drug penetration through the skin using methods
like tape stripping or Franz diffusion cells to determine if harmful concentrations of
active ingredients or excipients can reach deeper layers of the skin or systemic circu-
lation [107].

2.6 Stability testing and packaging considerations
for micro/nanoemulsions

Stability testing is crucial in determining the shelf life and ensuring the quality of
micro/nanoemulsions over time, as shown in Figures 2.2 and 2.3. Since these formula-
tions are prone to phase separation, degradation, or changes in particle size, stability test-
ing evaluates their ability to maintain consistency under various conditions [45, 108].
Oxygen-impermeable and UV-resistant packaging can prevent oxidation and photo-
degradation. Research on transdermal nanoemulsions emphasized the importance of
light-protective packaging to maintain formulation stability. Smart packaging materials
with moisture-absorbing and antimicrobial properties extend product shelf life [109, 110].
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Stability

Testing

Figure 2.2: Stability considerations for micro/nanoemulsions.

2.7 Future trends and innovations in dermatological
micro/nanoemulsions
Future trends and innovations in dermatological micro/nanoemulsions aim to revolu-

tionize skin treatments by enhancing therapeutic efficacy, ensuring greater safety,
and improving patient compliance [111].

2.7.1 Personalized medicine

With advancements in genomics and proteomics, there is a shift toward personalized
dermatological treatments. Micro/nanoemulsions can be customized to deliver spe-
cific active ingredients tailored to an individual’s skin type, condition, and genetic
makeup, improving treatment outcomes and minimizing adverse reactions [112].

2.7.2 Enhanced skin targeting

Innovations in formulation technologies are focused on improving the selectivity
and targeting of active ingredients within the skin layers. Nanoparticles, such as
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Figure 2.3: Packaging considerations for micro/nanoemulsions.

lipid based formulations, can be engineered to deliver drugs more precisely to the
affected site, such as the dermis or subcutaneous layers, enhancing therapeutic effi-
cacy, while minimizing systemic exposure [113].

2.7.3 Sustained and controlled release

Future formulations are likely to focus on long-lasting and controlled drug release
mechanisms. Nanoemulsions can be designed to release active ingredients over extended
periods, improving the convenience of use and reducing the frequency of application for
chronic conditions like psoriasis and acne [114-115].

2.7.4 Biodegradable and eco-friendly emulsions

There is a growing trend toward eco-friendly and biodegradable emulsions that
minimize environmental impact. Natural surfactants, plant-based oils, and biodegrad-
able polymers are gaining prominence as sustainable alternatives in formulation de-
velopment [116, 117].
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2.7.5 Combination therapies

The integration of multidrug systems in micro/nanoemulsions is an emerging trend.
These systems could simultaneously deliver multiple active ingredients targeting vari-
ous pathways, enhancing the overall therapeutic effect for conditions such as mel-
asma, eczema, and acne vulgaris [118, 119].

2.8 Conclusion

Microemulsions and nanoemulsions represent innovative delivery systems in derma-
tological therapy, enhancing the efficacy and bioavailability of various therapeutic
agents, while minimizing toxicity. Their unique properties and production methods
offer significant potential for developing advanced formulations in both medical and
cosmetic applications. The future of dermatological treatments is poised for signifi-
cant advancements through the use of micro/nanoemulsions, which promise en-
hanced drug delivery, personalized medicine, and eco-friendly formulations, ulti-
mately leading to improved patient outcomes and treatment efficacy. Innovations
such as smart delivery systems and the integration of artificial intelligence further
underscore the potential for tailored and effective dermatological care.
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Chapter 3

Harnessing micro/nanoemulision for
transnasal drug delivery with enhanced
efficacy and precision

Abstract: Transnasal drug delivery has been a subject of significant interest as a use-
ful and efficient pathway for the delivery of therapeutic drugs. This chapter discusses
the possibilities of transnasal delivery systems, highlighting the use of micro- and
nano-emulsions in improved drug absorption and bioavailability. The nasal pathway
has several important benefits such as quick onset of action, circumvention of first-
pass metabolism, simplicity of administration, and possibility of both systemic and
local action. Micro-/nano-emulsions, due to their minute particle size, thermodynamic
stability, and capability for encapsulation of both hydrophilic and lipophilic drugs,
are being used as great carriers for any number of different pharmaceutical substan-
ces. Their preparation enhances solubilization, stabilization, and muco-permeability,
with room for controlled as well as target-specific delivery. Anatomy and physiology
of the nasal cavity, absorption mechanisms of drug, and challenges to effective deliv-
ery are elaborated in the chapter. Strategies to transcend such obstacles, for example,
utilization of mucoadhesive agents, permeation enhancers, and inhibitors of enzymes
are discussed as well. While the chapter points toward the promise of direct nose-to-
brain delivery in neurological diseases, its core discussion goes on to cover wide-
ranging therapeutic fields such as pain management, hormone therapy, infections of
the nasal cavity, and vaccine delivery. Trends in formulation science, regulatory in-
sights, and directions for the future, for example, personalized medicine and smart
delivery systems, are also covered. In general, the chapter highlights the multifaceted
uses and future potential of transnasal micro/nanoemulsion systems in contemporary
pharmaceutical delivery.
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3.1 Introduction
3.1.1 Overview of transnasal drug delivery

Transnasal drug delivery involves administering pharmaceutical compounds through
the nasal cavity to achieve localized or systemic effects. The nasal mucosa’s rich vas-
cularization enables rapid drug absorption into the bloodstream, bypassing first-pass
metabolism associated with oral administration [1-3]. Additionally, the olfactory re-
gion offers a direct route to the central nervous system (CNS), making it particularly
suitable for neuroactive compounds [4, 5]. This delivery method enhances therapeutic
efficacy and patient compliance by offering faster onset of action and improved bio-
availability compared to traditional routes, such as oral, intravenous, subcutaneous,
or transdermal administration. Unlike oral administration, which can undergo signifi-
cant first-pass metabolism that diminishes the drug’s efficacy, nasally delivered medi-
cations provide rapid absorption directly into the bloodstream, often resulting in
faster onset of action with better therapeutic effects (Table 3.1).

3.1.2 Advantages of transnasal drug delivery

— Rapid onset of action: Transnasal delivery can lead to the rapid absorption of
drugs into the systemic circulation, providing quick therapeutic effects, which is
particularly beneficial in acute situations (e.g., pain relief or emergency medica-
tion) [6-8].

- Enhanced bioavailability: By delivering drugs through the nasal route, the first-
pass metabolism in the liver is avoided, potentially increasing the bioavailability
of active compounds. This can allow for lower doses while achieving effective
plasma concentrations [9-11].

— Convenience and noninvasiveness: Nasal delivery is generally more user-
friendly and less invasive than injections, which can improve patient adherence
and compliance. It is also suitable for self-administration [12].

— Targeted delivery to the CNS: Transnasal drug delivery can transport therapeu-
tics directly to the CNS, bypassing the blood-brain barrier (BBB). This method is
used for treating neurological conditions such as Alzheimer’s disease, Parkinson’s
disease, and acute migraines [13-16].

- Local treatment of nasal condition: Transnasal delivery allows for targeted
treatment of nasal and sinus conditions, such as allergies, congestion, and infec-
tions, reducing systemic side effects [17, 18].

— Versatility in formulation: The technique can accommodate various drugs, in-
cluding small molecules, peptides, and vaccines, broadening the therapeutic land-
scape.
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— Minimized side effects: Localized delivery minimizes systemic exposure to certain
drugs, which can help reduce side effects compared to oral or intravenous route.

Table 3.1: Comparison of different routes of drug administration.

Drug delivery Advantages

Disadvantages

route
Transnasal - Fast onset of action - Variable bioavailability
- Bypasses presystemic metabolism - Potential irritation and discomfort;
- Direct delivery to the central nervous limited to smaller molecules
system
- Noninvasive and easy to self-
administer
Oral - Convenient and widely accepted - Subject to first-pass metabolism
- Suitable for a wide range of - Slow onset of action
formulations - Absorption affected by
- Generally low-cost and easy to gastrointestinal factors
manufacture - Unsuitable for patients with
swallowing difficulties
Intravenous - Immediate and complete - Invasive and needs skilled personnel
() bioavailability - Risk of infection and injection-site
- Precise control over drug levels in complications
circulation - Higher equipment costs
- Suitable for larger volumes or
irritating substances
Subcutaneous -  Relatively easy to self-administer - Slower and variable absorption
- Slow, sustained release of medication -  Limited to smaller volumes
- Less invasive than IV - Potential for local irritation or tissue
reactions
Transdermal -  Noninvasive and can provide - Limited to small, lipophilic drugs

sustained release
- Bypasses first-pass metabolism
- Suitable for chronic conditions

- Skinirritation or allergic reactions may
occur

- Variable absorption based on skin
conditions

3.2 Role of micro/nanoemulsions

Microemulsions, identified by Hoar and Schulman in 1943, are unique dispersions
that can be transparent or translucent. They discovered these emulsions during titra-
tion experiments with long-chain fatty acids and medium- and short-chain alcohols
[19, 20]. Microemulsions can be defined as “a system of water, oil, and amphiphile
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which is a single optically isotropic and thermodynamically stable liquid solution.”
Generally, microemulsions are described as pseudo-homogeneous mixtures that con-
sist of water, water-insoluble organic compounds, and a combination of surfactants
and cosurfactants (Figure 3.1 and Table 3.2) [21-23]. Microemulsions can be prepared
by varying the mixing ratios of water, oil, and surfactant/cosurfactant, depending on
whether the desired type is oil-in-water or water-in-oil [24, 25]. The role of amphi-
philes (having both hydrophilic and lipophilic properties), which include the surfac-
tant and cosurfactant mixture, is crucial as they reduce the interfacial tension be-
tween oil and water through interfacial adsorption. This process minimizes the
positive free energy change associated with the dispersion’s surface formation,
thereby contributing to the stability of the microemulsion [26-29].

Table 3.2: Classification of emulsifiers.

Type of emulsifier Structure of system Droplet size

Surfactants Stabilized by molecules with hydrophilic heads Macroemulsions: >1 pm
and hydrophobic tails; forms both O/W and W/O  Microemulsions: 10-100
emulsions. nm

Hydrophilic Forms a network within the continuous phase, Macroemulsions: >1 pm

colloids (e.g., gelatine stabilizing droplets by thickening the dispersion.
and gum arabic)

Solid Stabilized by solid particles that adsorb at the oil/  Varies: Microemulsions
particles (pickering water interface, creating a barrier against and nanoemulsions
emulsions) coalescence.

Polymeric emulsifiers  Provides more stability through thickening and Macroemulsions: >1 pm
steric hindrance; can stabilize both O/W and W/O  Nanoemulsions:

emulsions. 100-1,000 nm
Proteins (e.g., whey Proteins adsorb at the oil/water interface, forming Macroemulsions: >1 um
protein) a film around droplets; used in both food and Microemulsions: 10-100
pharmaceutical applications. nm

3.2.1 Characteristics of microemulsion

Microemulsions possess several distinct properties that make them unique and valu-

able in various applications. Here are some key properties [30-32]:

— Thermodynamic stability: Microemulsions are thermodynamically stable and
do not separate over time, unlike conventional emulsions, which can coalesce
and break.
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Figure 3.1: Schematic representation of the formation of microemulsions from oil and aqueous phases
with emulsifiers.

— Transparency: They are typically clear or translucent due to their small droplet
size (usually less than 100 nm), which reduces light scattering.

- Low viscosity: Microemulsions generally exhibit low viscosity, making them easy
to handle and apply in various formulations.

— High surface area: The small droplet size provides a large interfacial area that
can enhance the solubilization of hydrophobic compounds.

— Solubilization properties: They can solubilize both polar and nonpolar compo-
nents, making them useful for delivering a wide range of active ingredients in
pharmaceuticals, cosmetics, and food products.

3.2.2 Importance in drug formulation

Microemulsions are increasingly recognized as powerful vehicles in drug formulation,

particularly for poorly water-soluble drugs. These thermodynamically stable systems

consist of a mixture of oil, water, and surfactants, which facilitate the solubilization
and delivery of active pharmaceutical ingredients. The importance of microemulsions
in drug formulation can be attributed to several key factors:

— Enhanced bioavailability: Microemulsions significantly improve the solubility
and bioavailability of hydrophobic drugs, allowing for better absorption in the gas-
trointestinal tract. This enhancement is crucial for drugs that traditionally face
challenges in reaching therapeutic concentrations due to poor water solubility.

— Thermodynamic stability: Unlike conventional emulsions, microemulsions are
thermodynamically stable, which means they do not separate over time. This stabil-
ity ensures consistent performance and reliability of drug formulations throughout
their shelf life.
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— Ease of preparation and scalability: The preparation of microemulsions is rela-
tively simple and can be achieved through low-energy techniques. This ease of
formulation and scalability makes them suitable for large-scale production in
pharmaceutical industries.

— Improved drug delivery: Microemulsions enhance drug delivery for oral, topi-
cal, and parenteral use. Their small droplets increase absorption surface area, im-
proving drug release and uptake.

— Protective effect: Microemulsions serve as protective carriers for drugs, safe-
guarding them from degradation due to oxidative and enzymatic processes. This
protective capability is vital for maintaining the stability and efficacy of sensitive
pharmaceutical compounds.

- Controlled release: By modulating the composition of microemulsions, formula-
tors can achieve controlled release profiles, optimizing therapeutic effects, while
minimizing side effects and dosing frequency.

— Versatility: Microemulsions are capable of encapsulating a diverse range of com-
pounds, including small molecules, peptides, and biological macromolecules,
making them a versatile tool for various therapeutic applications.

3.3 Anatomy and physiology of the nasal cavity

The nose serves as the primary entry point to the respiratory tract, enabling air intake
for breathing. The nasal cavity, measuring 120-140 mm in depth and extending from
the nasal vestibule to the nasopharynx, is divided by the nasal septum. With a surface
area of approximately 160 cm? and a volume of 16-19 mL, it functions to warm and
humidify inhaled air [33, 34]. Beyond its respiratory role, the nose filters airborne par-
ticles and provides immunological defense via a mucous-coated membrane [35]. The
nasal cavity comprises three main regions: the vestibular, turbinate, and olfactory
areas [34]. The anterior vestibular region, the narrowest part, contains vibrissae that
filter large particles and features a transition from skin to stratified squamous epithe-
lium. The vascularized turbinate region — divided into superior, middle, and inferior
sections — is lined with pseudostratified columnar epithelium composed of mucus-
secreting, ciliated, non-ciliated, and basal cells. Ciliated cells facilitate mucociliary
clearance, while nonmotile microvilli increase the surface area for drug absorption.
However, rapid mucociliary clearance can limit the residence time of drugs, reducing
absorption efficiency.
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3.3.1 Absorption

The initial phase of drug absorption in the nasal cavity involves passage through the
mucus layer. Fine particles can penetrate this layer with ease, while larger particles
may encounter resistance [36—-38]. Mucus, which contains mucin, a solute-binding pro-
tein, can influence drug diffusion and its structure may be altered by environmental
or physiological factors [39]. Once past the mucus, drugs are absorbed through the
nasal epithelium via transcellular diffusion, paracellular transport, and transcytosis,
with the former two being the primary mechanisms [40-42]. Paracellular transport is
a passive and relatively slow process, with permeability inversely related to the mo-
lecular weight of water-soluble compounds. Molecules exceeding 1,000 Da typically
exhibit poor bioavailability. In contrast, transcellular transport facilitates the move-
ment of lipophilic drugs, with efficiency largely dependent on lipophilicity. Addition-
ally, active transport via carrier proteins or through modulated tight junctions may
aid drug passage across cell membranes.

3.4 Nose-to-brain delivery

The process of drug delivery through the nasal cavity involves several key steps that
facilitate rapid access to the brain and systemic circulation. Initially, drugs are admin-
istered into the nasal cavity, where they can interact with the olfactory epithelium, a
specialized tissue responsible for the sense of smell. This interaction allows some
drugs to bypass the BBB and enter the brain directly, providing quick effects on the
CNS [43-45]. Additionally, drugs may also engage with the respiratory epithelium,
which lines the nasal passages and plays a role in mucociliary clearance. This mecha-
nism helps remove mucus and foreign particles, potentially influencing drug absorp-
tion. Some drugs can enter systemic circulation through the respiratory epithelium,
allowing them to be distributed throughout the body. Overall, this unique route of ad-
ministration highlights the efficiency of nasal delivery in achieving both central and
systemic effects (Figure 3.2).

3.4.1 Barriers to drug absorption

The nasal mucosal cavity presents a significant barrier to drug absorption due to its
structural and protective mechanisms. The epithelial surface is lined with tightly joined
cells that restrict the passage of large and hydrophilic molecules, limiting drug perme-
ability into systemic circulation. Additionally, the mucus layer coating the nasal mu-
cosa, while protective, acts as a viscous barrier that drugs must penetrate to reach the
underlying epithelium. Ciliated epithelial cells contribute to mucociliary clearance,
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Figure 3.2: Schematic representation of drug delivery through the nasal cavity.

which rapidly removes mucus and entrapped substances, including nasally adminis-
tered drugs, before sufficient absorption can occur. Enzymatic activity within the nasal
mucosa, including proteases and esterases, can degrade sensitive drugs such as peptides
and proteins, reducing their bioavailability. Moreover, the local pH and temperature
influence drug solubility and stability; some compounds require specific conditions for
optimal absorption, and any deviations can impair efficacy. Although the nasal cavity
offers a substantial surface area for absorption, it remains relatively limited compared
to other routes like the gastrointestinal tract, constraining the amount of drug that can
be effectively delivered, particularly for drugs requiring higher doses. Hydrophobic
drugs face additional challenges due to low permeability across the aqueous mucus
layer. Furthermore, drug transport may rely on active or facilitated mechanisms, which
are not universally available for all compounds. Without suitable carriers or transport
pathways, absorption can be significantly compromised.

In summary, while the nasal cavity offers an attractive route for systemic drug
delivery, it is impeded by multiple anatomical and biochemical barriers. Overcoming
these challenges requires strategic formulation approaches that enhance drug perme-
ability, stability, and bioavailability within the nasal environment. Here are several
strategies to achieve this:

a) Formulation modifications: Utilizing drug formulations that improve solubility
and stability can enhance absorption. This can include the use of prodrugs, which
are modified versions of drugs that become active upon entering the body, and
nano-emulsions or solid lipid nanoparticles that enhance drug delivery.

b) Permeation enhancers: Incorporating permeation enhancers such as surfac-
tants, fatty acids, or surfactant-like compounds can disrupt tight junctions and in-
crease the permeability of the epithelial barrier. These agents can facilitate the
passage of certain drugs through the mucosal layer by altering the barrier prop-
erties.



V]

d)

e)

g

h)

i)

)

Chapter 3 Harnessing micro/nanoemulsion for transnasal drug delivery =— 87

Mucoadhesive agents: Using mucoadhesive polymers can enhance the retention
time of drug formulations in the nasal cavity, allowing for prolonged contact with
the mucosal surface and increasing the chances of absorption. These agents pro-
mote adhesion to the mucus layer and can also protect the drug from mucociliary
clearance.

Enzyme inhibitors: Co-administering enzyme inhibitors can help prevent the
degradation of sensitive drugs by the enzymes present in the nasal mucosa. This
can enhance the overall bioavailability of drugs that are otherwise susceptible to
enzymatic breakdown.

Nanocarriers and microparticles: Employing nanocarriers, such as liposomes,
niosomes, or micelles, can improve drug encapsulation, protection against degra-
dation, and controlled release. These carriers can also enhance cellular uptake
and facilitate transport across mucosal barriers.

Targeted delivery systems: Designing targeted delivery systems that can specifi-
cally interact with the receptors or transport mechanisms in the nasal mucosa
can enhance absorption. This can include ligands that promote endocytosis or
transcytosis, allowing drugs to effectively cross the epithelial barrier.

Ionization control: Modifying the pH of the formulation to optimize the ioniza-
tion state of the drug can improve solubility and absorption. Ensuring that drugs
are in their optimal form for permeability can significantly influence the absorp-
tion rate.

Thermal and chemical enhancers: Thermal methods, such as electroporation or
ultrasound, can increase permeability by creating transient pores in the mem-
brane. Chemical enhancers or formulations that can temporarily disrupt the mu-
cosal barrier may also be employed.

Optimized dosing and administration techniques: Adjusting the dosing regi-
men and administration techniques, such as using a metered-dose inhaler or
nasal spray with specific spray patterns, can improve the distribution and absorp-
tion of the drug in the nasal cavity.

Nanoparticle drug delivery: Utilizing nanoparticles designed to bypass mucosal
barriers can enhance drug delivery. These particles can exploit endocytic path-
ways or enhance diffusion across cellular membranes to improve absorption.

3.4.2 Role of micro/nanoemulsions in enhancing absorption

Microemulsions enhance drug absorption in the nasal cavity through multiple mecha-
nisms that improve solubility, stability, and permeability. Their biphasic nature al-
lows for the solubilization of both hydrophilic and hydrophobic drugs — hydrophobic
compounds dissolve in the oil phase, while hydrophilic ones are accommodated in the
aqueous phase. This versatility broadens the range of drugs suitable for nasal delivery
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and increases bioavailability by allowing higher concentrations of dissolved drug for
effective mucosal uptake.

The small droplet size of microemulsions (typically 10-100 nm) facilitates diffu-
sion across the mucosal barrier and supports efficient transport into systemic circula-
tion. Additionally, surfactants and co-surfactants in the formulation can transiently
open tight junctions between epithelial cells, further enhancing permeability. Many
microemulsions possess mucoadhesive properties, improving their residence time on
the nasal mucosa by resisting mucociliary clearance and allowing prolonged drug ab-
sorption.

Microemulsions can also leverage specific transport pathways, such as transcyto-
sis, through interactions with receptors or transport proteins in the nasal epithelium.
By encapsulating drugs, they provide protection from enzymatic degradation — partic-
ularly important for sensitive molecules like peptides and proteins. Moreover, micro-
emulsions can be engineered for controlled or sustained release, minimizing fluctua-
tions in drug levels and improving therapeutic outcomes.

Overall, these properties make microemulsions a highly promising strategy for
nasal drug delivery, significantly enhancing absorption, bioavailability, and clinical
efficacy.

3.5 Efficacy of transnasal drug delivery with
emulsions

The choice of formulation for nasal drug delivery can greatly influence the drug’s ef-
fectiveness. The nasal cavity is considered an appealing site for drug administration
due to its extensive surface area and rich vascular network, which can transport ac-
tive compounds through neural pathways crucial for rapid onset and efficacy. Nasally
administered drugs can evade the liver’s first-pass metabolism, resulting in enhanced
bioavailability. Additionally, nasal formulations are typically well-received and user-
friendly for patients. This route of administration also presents challenges that could
affect the efficacy of nasal formulations, such as rapid removal of substances from
the nasal mucous membrane, enzymatic breakdown of the active ingredient, potential
irritation of the nasal mucosa, and inadequate permeability [46-49]. Consequently,
the design of the delivery system is vital for ensuring safe and effective therapy.
Recent research has explored intranasal drug delivery systems, including poly-
mer and lipid nanoparticles, micelles, nanoemulsions, liposomes, and other formula-
tions. Mucoadhesive formulations and in situ gelling systems are also studied [50-53].
Mucoadhesive excipients can extend the residence time at the administration site,
critical for the nasal membrane due to its high mucociliary clearance, which can re-
duce absorption and efficacy [54-56]. In situ forming gels contain stimuli-responsive
excipients that react to nasal conditions, increasing viscosity. This allows the formula-



Chapter 3 Harnessing micro/nanoemulsion for transnasal drug delivery =—— 89

tion to be administered as a liquid for optimal distribution, before transforming into
a gel to prolong contact with the nasal membrane. These strategies often incorporate
nanoparticulate carriers for encapsulating active ingredients.

Nose-to-brain drug delivery is a noninvasive alternative to traditional therapies.
Benefits include easy administration, quick action, targeted brain delivery, and by-
passing peripheral side effects. However, challenges like limited nasal volume, muco-
ciliary clearance, and poor permeability can hinder absorption.

Microemulsions are considered carriers for improving drug delivery to the brain
because they can solubilize various active ingredients and enhance permeation across
biological membranes. Studies indicate that microemulsion-based systems can signifi-
cantly increase the amount of drug delivered to the brain in animal models, confirm-
ing the effectiveness of the nose-to-brain pathway (Tables 3.3-3.5).

Despite these promising results, most studies have been conducted on animal
models, and there is a lack of human clinical trials involving microemulsion-based
carriers. Some human studies suggest inconsistent uptake of drugs in the CNS, indicat-
ing a need for further investigation into the efficacy and safety of these systems for
human applications.

Table 3.3: Microemulsion-based systems investigated in nose-to-brain delivery for neurodegenerative
diseases.

Active Microemulsion Assessment Interpretations References
element ingredients techniques
Rivastigmine Capmul® MCM EP, In vitro: Franz cells, The chitosan-based [57]
hydrogen Labrasol®, Transcutol® P, cellulose acetate microemulsion
tartrate water, chitosan, membrane (m.w. cut-off demonstrated
cetyltrimethylammonium  12,000-14,000) Ex vivo:  enhanced ex vivo
bromide Franz cells, goat nasal permeation.
mucosa
Rivastigmine Capmul® MCM EP, Ex vivo: Goat nasal Increased brain [58]
hydrogen Labrasol® mucosa concentration after
tartrate intranasal
administration
versus solution.
Galantamine Capmul® MCM EP, In vivo pharmacokinetic  Enhanced brain [59]
hydrochloride ~ Tween® 80, Transcutol®  studies delivery with fish oil
P, water and butter oil
Donepezil Castor oil, Labrasol®, Ex vivo: porcine nasal Sustained release [60]
hydrochloride  Transcutol® P, propylene mucosa noted; possible

glycol

reservoir effect in
nasal mucosa.
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Table 3.3 (continued)

Active Microemulsion Assessment Interpretations References
element ingredients techniques
Huperzine A 1,2-Propanediol, castor  In vivo pharmacokinetic Extended release, [61]
oil, Cremophor RH40 study compared to
solution.
Morin hydrate Capmul® MCM, In vivo studies with Higher [62]
Cremophor EL, PEG-400,  Wistar rats concentrations in
water brain and blood than

in drug solution.

Vinpocetine Tween® 20, oleic acid, Ex vivo: sheep nasal Increased piracetam [63]
and piracetam ethanol, water mucosa release; notable
cognitive function
enhancement.
Ibuprofen Capmul® MCM, In vivo studies with mice Neuroprotective [64]
Accenon® CC, effects noted;
Transcutol® suitable for nasal
delivery.
Clobazam Capmul® MCM, In vivo pharmacokinetic Improved cerebral [65]
Acconan® C6, Tween® 20, studies, behavioral tests delivery; enhanced
water, Carbopol® 940P performance of
mucoadhesive

formulations.

Carbamazepine Oleic acid, Tween® 80, Ex vivo: sheep nasal Decreased seizure [66]
propylene glycol or mucosa; in vivo: induced duration; increased
Transcutol®, water convulsions in mice drug levels in the
brain.
Phenytoin Capmul® MCM, In vivo brain uptake Intranasal [67]
Labrasol®, and study microemulsion
Transcutol® achieves better brain
uptake than an
intraperitoneal

solution.




Chapter 3 Harnessing micro/nanoemulsion for transnasal drug delivery =— 91

Table 3.4: Microemulsion-based systems investigated in nose-to-brain delivery for epilepsy.

Drug Microemulsion Assessment Interpretations References
ingredients techniques
Clobazam Capmul® MCM, Ex vivo animal mucosa, The mucoadhesive [68]
Acconan® (6, in vivo gamma- formulation exhibited
Tween® 20, water, scintigraphy, and superior efficacy; the
and Carbopol® 940P  pharmacodynamic intranasal delivery system
tests demonstrated a
prolonged effect in
comparison to the
intravenous method.
Lorazepam Capmul® MCM, In vivo Improved brain delivery [69]
Nikkol PBC-34, pharmacokinetic via microemulsion
Transcutol® 80, studies and behavioral systems; enhanced
propylene glycol, tests efficacy of mucoadhesive
water, and chitosan products.
Carbamazepine Oleic acid, Tween® Ex vivo sheep nasal Transcutol®-based [70]
80, propylene glycol mucosa, in vivo microemulsion reduces
or Transcutol®, and  pharmacokinetic seizure time, like
water studies, and induced intraperitoneal drug
convulsions in mice solution, and increases
drug concentration in the
brain.
Carbamazepine Transcutol®, water,  Ex vivo sheep nasal There were no significant [71]
polycarbophil, mucosa, differences observed
Labrafil® M1944, pharmacokinetic between microemulsion-
and Cremophor® studies, and gamma based systems and drug
RH40 scintigraphy solutions in the ex vivo
study; however, higher
concentrations in the
brain were obtained for
the microemulsion-based
systems.
Phenytoin Transcutol®, Gamma scintigraphy Improved outcomes were [72]

Capmul® MCM, and
Labrasol®

imaging and in vivo
brain uptake study

observed following
intranasal microemulsion
administration compared
to intraperitoneal solution,
with faster recovery noted
after seizures.
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Table 3.5: Summarizing the microemulsion-based systems investigated in nose-to-brain delivery for
schizophrenia.

Drug Microemulsion Assessment Interpretations References
ingredients techniques
Olanzapine  Transcutol®, water, Gamma scintigraphy; The brain shows higher [73]
polycarbophil, Oleic in vivo concentration compared to
acid, and Kolliphor® pharmacokinetic intravenous microemulsion
RH40 studies; and intranasal solution, with
pharmacodynamic no peripheral distribution.
tests
Olanzapine  RHA40, Labrafil® In vivo studies; ex The permeation rate is [74]
M1944CS, Cremophor®  vivo sheep nasal higher compared to
ethanol, water, mucosa; and gamma nanostructured lipid carrier
poloxamer 407, and scintigraphy (NLC). Drug concentrations
HPMC K4M in the brain are lower,
relative to NLC. The
selectivity of drug delivery is
less than that of NLC. Nasal
mucosa irritation has been
observed.
Quetiapine  Capmul® MCM EP, In vivo Chitosan-loaded [75]
Tween® 80, pharmacokinetic microemulsion showed the
Transcutol® P, water, studies; ex vivo nasal highest ex vivo permeation
and chitosan and intestinal rate and the highest brain
mucosa drug level in vivo.
Quetiapine Capmu|® MCM EP, In vivo Butter oil-enriched [76]
Tween® 80, pharmacokinetic microemulsion showed the
Transcutol® P, water, studies; ex vivo goat  highest ex vivo permeation
and butter oil nasal mucosa rate and plasma drug levels.
Paliperidone Water, polycarbophil; Gamma scintigraphy; The mucoadhesive [77]

oleic acid, Cremophor®
RH40, and Transcutol®

behavioral studies;
and pharmacokinetic

microemulsion
demonstrated superior

in vivo studies performance in behavioral
studies and showed greater
selectivity compared to the

intravenous formulation.
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3.6 Precision and targeted delivery

The micro- and nanoemulsion formulations are the new and highly promising drug
delivery systems for the transnasal route. These formulations improve drug solubility,
absorption, and bioavailability, thus aiding in targeted and effective drug delivery.
The following sections discuss the mechanisms, applications, advances, and future as-
pects in this field of formulation [57-59].

3.6.1 Mechanisms of precision delivery

Micro- and nanoemulsions provide precision drug delivery through several mecha-
nisms. First, small droplet sizes are associated with huge surface areas to absorb
more for better drug penetration across the nasal mucosa. The decreased size of the
droplets allows deep penetration within the nasal cavity where both local and sys-
temic drug absorption is enhanced. This is supported further by the inclusion of per-
meation enhancers in the above preparations for enhanced passage of the drugs
along the epithelium in the nasal mucosa. These enhancers allow loosening of epithe-
lial cell tight junctions, hence facilitating drug movement. In addition, modifications
of the emulsion surface such as ligand conjugation and surface charge modification
allow for specific interactions with target proteins in the nasal mucosa, thereby ensur-
ing localized drug delivery to specific cells and tissues [60-62].

3.6.2 Applications and advantages of targeted delivery

Transnasal drug delivery through micro and nanoemulsions offers several advantages
in various therapeutic areas. These formulations allow the drugs to penetrate the BBB
in CNS disorders, making them highly effective in treating conditions like Alzheimer’s
and Parkinson’s disease. Local treatments of conditions like nasal inflammation and
pain management are also benefited through the rapid absorption and localized ac-
tion of these emulsions with minimized systemic side effects. Vaccine delivery
through nasal emulsions enhances immune response due to rapid mucosal absorption
because it is an easy, noninvasive mode of immunization [63-66]. Hormonal drugs,
such as insulin and oxytocin, can be administered via the nasal route instead of injec-
tions; hence it is an alternative with improved patient compliance [67-70]. Anticancer
drug delivery via the transnasal route minimizes systemic toxicity, especially for tar-
geting brain tumors or metastatic sites. This route also benefits gene therapy applica-
tions, through which genetic material can be delivered non-topically directly into the
systemic circulation. These micro- and nano-emulsions can improve drug stability
and shelf life, thus being useful for sensitive drug molecules. Use of emulsions in adju-
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vant applications also improves the efficiency of the vaccine by initiating the immune
response [71-74].

3.7 Advances and future work

Transnasal drug delivery using micro- and nano-emulsions is advancing rapidly,
driven by continuous innovations in pharmaceutical technology. One of the most
promising developments in this area is the emergence of smart drug delivery systems,
which enable site-specific drug release in response to physiological stimuli such as pH
or temperature fluctuations [75, 76]. These advancements align closely with the con-
cept of personalized medicine, allowing treatments to be tailored to an individual’s
unique genetic profile.

The integration of nanotechnology into formulation techniques has significantly
enhanced drug stability and provided improved control over release kinetics. Ad-
vanced methodologies, such as high-pressure homogenization and ultrasonic emulsifi-
cation, facilitate uniform particle size distribution and contribute to increased bio-
availability of therapeutic agents [77-79]. Furthermore, combination therapies that
incorporate multiple active agents, including pharmaceuticals and adjuvants, within
a single emulsion have demonstrated synergistic effects, offering greater therapeutic
efficacy.

Looking ahead, transnasal drug delivery systems hold promise for managing
chronic conditions such as diabetes, cancer, and neurodegenerative disorders [80-83].
Another area gaining momentum is the development of nasal vaccine formulations
aimed at boosting both systemic and mucosal immunity. Regulatory frameworks must
evolve to accommodate these novel approaches, ensuring efficient pathways for mar-
ket approval.

Additionally, combining transnasal delivery with other routes, such as sublingual
or transdermal administration, may enhance therapeutic outcomes. The development
of user-friendly nasal delivery devices is essential to improve patient compliance and
ease of use. Emphasis should also be placed on targeting rare diseases, especially
those where conventional delivery systems fall short. Finally, the design of long-
acting formulations is crucial, as reduced dosing frequency contributes to improved
quality of life for patients.

Transnasal drug delivery via micro- and nano-emulsion systems holds immense
potential for revolutionizing therapeutic strategies, particularly for complex and
chronic diseases. Emerging technologies in this domain include the development of
innovative layered nanoparticles capable of co-delivering multiple drugs in a single
dose, thereby enhancing therapeutic efficacy and treatment outcomes. Additionally,
the integration of 3D printing in the design of patient-specific nasal drug delivery de-
vices offers opportunities for precision dosing and improved patient adherence.
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Smart polymers that respond to environmental stimuli such as pH, temperature,
or enzymatic activity enable controlled drug release, reducing the frequency of dos-
ing. Furthermore, the application of personalized medicine — tailoring formulations
based on genetic data — significantly improves therapeutic precision and efficacy. Ad-
vances in nanotechnology have contributed to the enhanced stability of formulations
and more efficient drug delivery, expanding the applicability of transnasal emulsions,
especially in the treatment of chronic and rare diseases [99].

3.8 Strategies toward targeting

To improve the specificity of transnasal drug delivery, a range of advanced strategies
has been developed. One such approach involves ligand modification, wherein emul-
sions are conjugated with receptor-specific ligands — such as antibodies or peptides —
to facilitate targeted drug binding within the nasal cavity [84-86]. Aptamers, which
are short nucleic acid sequences with high affinity for specific targets, further aug-
ment drug-target interactions and enhance selectivity. Surface functionalization of
nanoparticles with biologically active compounds is another effective strategy, signifi-
cantly improving cellular uptake and targeting efficiency [87, 88]. The incorporation
of stealth properties, achieved through polymer coatings on nanoparticles, extends
circulation time and enhances drug transport across biological barriers.

Stimuli-responsive emulsions, designed to release their therapeutic payload in re-
sponse to specific physiological triggers such as pH or temperature changes, represent
a promising frontier in targeted delivery. Additionally, smart drug delivery systems
that incorporate biosensors and biological recognition elements enable site-specific
release, ensuring that the drug is activated only in the presence of its intended target
[89-92].

The inclusion of permeation enhancers in emulsion formulations further im-
proves drug absorption across the nasal mucosa, thereby reinforcing the efficiency of
targeted delivery. Collectively, these strategies contribute to the advancement of pre-
cision medicine and the development of more effective and reliable transnasal thera-
peutic platforms.

3.8.1 Precision assessment

The evaluation of transnasal micro- and nano-emulsions requires a comprehensive
framework encompassing both in vitro and in vivo studies to accurately assess their
efficacy and safety. In vitro assessments commonly employ nasal epithelial cell lines
to examine cytotoxicity, drug release profiles, and cellular uptake of the therapeutic
agents [93, 94]. Flow cytometry is utilized to quantify targeting efficiency, particularly
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in formulations labeled with fluorescent markers. Additionally, advanced imaging
modalities such as magnetic resonance imaging (MRI), positron emission tomography
(PET), and fluorescence imaging are employed to visualize drug distribution and mon-
itor in vivo biodistribution dynamics [95, 96].

Quantitative analysis of drug concentration within tissues, following nasal admin-
istration, is typically conducted using high-performance liquid chromatography
(HPLC) and mass spectrometry. Functional outcome assessments in animal models
serve to evaluate the therapeutic efficacy of the delivered drugs, providing crucial in-
sights into their biological activity and effectiveness [97-99]. Pharmacokinetic studies
involve the collection of blood and tissue samples over time to determine the absorp-
tion, distribution, and systemic availability of the drug. Furthermore, histological ex-
aminations — through tissue sectioning and imaging — are conducted to analyze the
localization of the emulsion within the nasal mucosa and to evaluate potential inter-
actions at the cellular level. Collectively, these precision assessment strategies ensure
a thorough understanding of formulation behavior and therapeutic performance.

3.9 Challenges and strategies to overcome
limitations

Despite promising advancements, transnasal drug delivery systems using micro- and
nanoemulsions continue to face several significant challenges. One of the primary
concerns is formulation stability, which can be compromised by environmental and
storage conditions, as well as the interaction with nasal fluids [101]. These interactions
may negatively impact structural integrity and reduce therapeutic performance. To
address these issues, the development of robust formulation strategies is essential.
The use of potent stabilizing agents — such as polysorbate 80, lecithin, and other non-
ionic surfactants — has proven effective in preventing droplet coalescence and phase
separation. For instance, a nano-emulsion combining lecithin and polysorbate 80 for
nasal delivery of levocetirizine can reduce droplet size and improve stability, empha-
sizing the importance of targeted stabilization approaches.

High-pressure homogenization stands out as one of the most effective emulsifi-
cation techniques [102-104]. It facilitates the production of submicron emulsions with
uniform droplet sizes, thereby significantly enhancing formulation stability and ther-
apeutic efficacy. Additionally, the application of microfluidic technologies — using
miniature channels for high-precision emulsion production - is gaining traction for
industrial scalability [105-108]. These approaches have demonstrated high reproduc-
ibility and are being optimized for pharmaceutical-grade applications. For example,
large-scale production of ibuprofen-loaded microemulsions using high-pressure ho-
mogenization underscores the technique’s potential for commercial viability [109].
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Scalability and reproducibility remain critical hurdles in the transition from labo-
ratory-scale research to industrial-scale manufacturing. Addressing these concerns
necessitates the adoption of cost-effective, reliable technologies and rigorous quality
assurance measures. Standardization of formulation protocols, emulsification proce-
dures, and storage conditions, alongside routine quality control assessments — includ-
ing droplet size analysis, viscosity monitoring, and environmental stability testing —
are key to ensuring consistent product performance.

Technical barriers such as limited mucosal penetration and potential systemic
side effects also need to be addressed through advanced formulation refinement.
Moreover, enhancing mucosal immunity — especially in nasal vaccine delivery — de-
signing long-acting emulsions, and targeting therapeutic agents with poor oral bio-
availability are critical areas requiring further research. Finally, regulatory pathways
must evolve in tandem with technological progress. Streamlined approval processes
are essential to accelerate the clinical translation of these novel drug delivery sys-
tems. With continued advancements in formulation science, nanotechnology, and reg-
ulatory frameworks, transnasal micro- and nanoemulsion-based delivery systems are
poised to become a transformative modality in modern pharmaceutical care.

3.10 Research directions

Building on efforts to address existing challenges, future research should increasingly
focus on leveraging micro- and nanoemulsion technologies for the transnasal delivery
of poorly water-soluble drugs. This approach offers substantial promise for enhancing
bioavailability and therapeutic efficacy, especially by bypassing hepatic first-pass me-
tabolism and enabling rapid systemic absorption. The nasal route, with its highly vas-
cularized mucosa and ease of access, stands out as a compelling alternative to conven-
tional oral or parenteral drug delivery.

A prime example of this innovation is the chemotherapeutic agent paclitaxel,
which is traditionally limited by its poor oral bioavailability. Reformulating paclitaxel
into a nasal nano-emulsion can demonstrate significantly enhanced therapeutic per-
formance, marked by a faster onset of action and improved clinical outcomes. This
underscores the transformative potential of nanoemulsion-based transnasal delivery
systems for drugs with challenging pharmacokinetic profiles.

Another promising avenue for future research is the development of combination
therapies within a single emulsion system. Co-delivery of multiple active pharmaceu-
tical ingredients allows simultaneous modulation of different biological pathways, po-
tentially enhancing therapeutic outcomes, while reducing the risk of adverse effects.
Such multifunctional formulations could play a key role in addressing complex and
multifactorial diseases.
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To enable clinical adoption and regulatory acceptance of these advanced delivery
platforms, robust clinical validation is essential. Future investigations should priori-
tize comprehensive clinical trials that examine both short-term pharmacodynamic re-
sponses and long-term outcomes such as safety, efficacy, and patient compliance. Mul-
ticenter trials with diverse patient populations and extended follow-up periods will
be critical in establishing the generalizability and durability of therapeutic benefits.

Real-world evidence, gathered through post-marketing surveillance and longitudi-
nal observational studies, will further support these efforts. For example, the success-
ful long-term use of a nasal spray formulation of sumatriptan for migraine manage-
ment highlights both the practicality and sustained efficacy in real clinical settings.

Continued exploration across multiple fronts — including formulation optimiza-
tion, enhancement of mucosal penetration, pharmacokinetic profiling, and regulatory
alignment — will be vital to transitioning transnasal micro-/nano-emulsion drug deliv-
ery systems from experimental innovation to established therapeutic practice. The in-
tegration of emerging tools such as artificial intelligence for predictive modeling and
patient-specific formulation design may further accelerate progress in this rapidly
evolving field [110, 111].

3.11 Conclusion

In summary, the future of transnasal drug delivery using micro- and nano-emulsions
appears highly promising, driven by ongoing advances in formulation science and
drug delivery technologies. These systems offer significant advantages, including en-
hanced bioavailability, rapid onset of action, and the potential for noninvasive, pa-
tient-friendly administration.

However, key challenges — such as formulation stability, industrial scalability, and
reproducibility — must be systematically addressed to facilitate widespread clinical
adoption. The development of robust stabilization strategies and scalable manufactur-
ing techniques will be pivotal in translating laboratory successes into market-ready
products.

Moreover, the exploration of novel drug candidates, including combination thera-
pies, and the accumulation of long-term clinical data will provide a strong foundation
for the next generation of nasal drug delivery systems. As scientific evidence contin-
ues to support their efficacy and safety, transnasal micro/nanoemulsions are poised
to play a transformative role in improving therapeutic outcomes and expanding treat-
ment possibilities across a wide range of diseases.
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Chapter 4

Micro/nanoemulsions redefining
cosmeceutical formulation for optimal
skin health

Abstract: The evolving field of cosmeceuticals integrates skincare with pharmaceuti-
cal precision, addressing the growing demand for effective and safe solutions to en-
hance skin health. This chapter explores the transformative role of micro/nanoemul-
sions in modern cosmeceutical formulations. These advanced delivery systems
exhibit unique properties, including enhanced stability, superior skin penetration,
and controlled release of active ingredients, offering distinct advantages over conven-
tional formulations. The formulation process involves a strategic combination of oil
and aqueous phases, emulsifiers, and bioactive components, with plant-based extracts
playing a pivotal role. Extracts like green tea, aloe vera, curcumin, and grape seed
exhibit antioxidant, anti-inflammatory, and antiaging properties, while others such as
licorice root and chamomile provide skin brightening and calming effects. The mecha-
nisms of action emphasize the interaction of emulsions with the skin barrier, leverag-
ing nanoscale droplet sizes for deeper penetration and synergistic effects with bioac-
tive. Applications of micro/nanoemulsions span antiaging, hydration, acne treatment,
skin brightening, and sunscreen formulations, showcasing their versatility. Despite
their potential, challenges such as stability issues with natural extracts, phase separa-
tion, and droplet size growth require innovative stabilization techniques. Regulatory
guidelines and safety evaluations ensure the development of products which is safe
and effective, while recent patents highlight advancements in green and sustainable
cosmeceuticals. This chapter underscores the transformative impact of micro/nanoe-
mulsions in addressing consumer needs, advancing cosmeceutical science, and shap-
ing the future of skincare.
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4.1 Introduction

Cosmeceuticals denote a fusion of cosmetics and pharmaceuticals, designed to boost
both the appearance and skin health. These formulations typically include active in-
gredients such as vitamins, peptides, and botanical extracts that provide therapeutic
benefits beyond basic skincare. The formulation process involves selecting appropri-
ate emollients, preservatives, and rheological additives to ensure product stability
and efficacy. The choice of these ingredients is crucial, as they must not only deliver
the active compounds effectively but also maintain the product’s sensory attributes,
such as texture and fragrance. The development of cosmeceutical products requires a
deep understanding of skin biology and the mechanisms by which active ingredients
interact with the skin [1]. For instance, antioxidants like vitamins C and E are com-
monly used to combat oxidative stress and improve skin radiance. Additionally, pepti-
des are incorporated to excite production of collagen, thereby reducing the appear-
ance of wrinkles and fine lines. The formulation must also consider the skin’s barrier
function, ensuring that the active ingredients can penetrate effectively without caus-
ing irritation or damage. Advancements in formulation technologies have led to the
creation of more sophisticated cosmeceuticals. Techniques such as encapsulation and
controlled-release systems are designed to enhance the stability and bioavailability of
active ingredients. These innovations not only improve the efficacy of the products
but also extend their shelf life, making them more appealing to consumers seeking
long-term skincare solutions [2].

Skin health is a critical aspect of modern cosmeceuticals, as these products aim to
provide both aesthetic and therapeutic benefits. Healthy skin serves as a barrier
against environmental factors, such as UV radiation and pollutants, which can cause
premature aging and other skin conditions. Cosmeceuticals are formulated to support
and enhance this barrier function, ensuring that the skin remains resilient and pro-
tected. Ingredients like ceramides and hyaluronic acid are commonly used to rein-
force the skin’s natural moisture barrier, preventing dehydration and maintaining
skin elasticity [3]. The growing awareness of skin health has driven consumer demand
for products that offer more than just superficial improvements. Modern cosmeceuti-
cals are designed to address underlying skin issues, such as inflammation, hyperpig-
mentation, and acne. For example, niacinamide is frequently included in formulations
for its anti-inflammatory and brightening properties, making it effective in treating
conditions like rosacea and melasma. This holistic approach to skincare aligns with
the contemporary understanding that maintaining skin health is essential for achiev-
ing long-lasting beauty.

Moreover, the emphasis on skin health has led to increased research and develop-
ment in the cosmeceutical industry. Clinical research is conducted to validate the
safety and efficacy of new ingredients and formulations. This scientific rigor ensures
that consumers receive products that are not only effective but also safe for prolonged
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use [4]. As a result, cosmeceuticals have become a trusted category in the skincare
market, offering solutions that cater to both cosmetic and health-related needs.

Micro- and nanoemulsions are advanced delivery systems that have revolution-
ized the field of cosmeceuticals. These emulsions are characterized by their small
droplet sizes, typically in the range of 10-200 nm [5], which allow for improved stabil-
ity and bioavailability of active ingredients. The small size of the droplets enhances
the penetration of active compounds into the deeper layers of the skin, ensuring more
effective delivery and sustained release. This makes micro- and nanoemulsions partic-
ularly suitable for incorporating hydrophobic ingredients that are otherwise difficult
to formulate. The preparation of micro- and nanoemulsions involves techniques such
as high-pressure homogenization and ultrasonication, which create stable dispersions
of oil and water phases. These methods ensure that the emulsions remain stable over
time, preventing issues like phase separation and degradation of active ingredients.
The use of surfactants and co-surfactants is also crucial in stabilizing these emulsions,
as they reduce the interfacial tension between the oil and water phases. This results
in a product that is not only effective but also aesthetically pleasing, with a smooth and
nongreasy texture [6]. The transformative role of micro- and nanoemulsions in cosme-
ceuticals extends beyond their enhanced delivery capabilities. These emulsions also
offer improved sensory attributes, such as a lightweight feel and rapid absorption,
which are highly valued by consumers. Additionally, the ability to incorporate a wide
range of active ingredients, from vitamins to peptides, makes these emulsions versatile
tools in the formulation of targeted skincare products. As a result, micro- and nanoe-
mulsions have become a cornerstone in the development of innovative cosmeceuticals,
driving the industry toward more effective and consumer-friendly solutions [7].

4.2 Micro/nanoemulsions: a game changer
in cosmeceuticals

Micro- and nanoemulsions have emerged as revolutionary delivery systems in the field
of cosmeceuticals, offering significant advantages over traditional formulations. These
emulsions are defined as dispersions of two immiscible liquids (typically oil and water)
stabilized by surfactants, with droplet sizes ranging from 10 to 200 nm. The small drop-
let size of these emulsions enhances their stability and bioavailability, making them
ideal for delivering active ingredients deep into the skin [8]. As shown in Figure 4.1.
Unlike conventional emulsions, which are prone to phase separation and instability,
micro- and nanoemulsions remain stable over extended periods, ensuring consistent
performance and efficacy [8, 9]. One of the unique properties of micro- and nanoemul-
sions is their ability to form clear, thermodynamically stable systems. This stability is
achieved through the use of surfactants and co-surfactants, which reduce the interfacial
tension between the oil and water phases. The result is a homogeneous mixture that
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Figure 4.1: Role of micro/nanoemulsions in cosmeceutical formulations.

can effectively encapsulate and protect active ingredients from degradation [10]. Addi-
tionally, the small droplet size of these emulsions allows for a larger surface area, en-
hancing the interaction between the active ingredients and the skin. This property is
particularly beneficial for incorporating hydrophobic compounds that are otherwise
difficult to formulate [11].

4.2.1 Enhanced stability

Micro- and nanoemulsions offer enhanced stability compared to conventional formu-
lations. The small droplet size of these emulsions reduces the likelihood of phase sepa-
ration and sedimentation, ensuring that the active ingredients remain evenly distrib-
uted throughout the product. This stability is further enhanced by the use of
surfactants and co-surfactants, which create a stable interfacial film around the drop-
lets [12]. As a result, micro- and nanoemulsions can maintain their stability over ex-
tended periods, even under varying storage conditions. The enhanced stability of
micro- and nanoemulsions also translates to improved shelf life and efficacy of cosme-
ceutical products [13]. Traditional emulsions often suffer from instability issues, such
as creaming and coalescence, which can compromise the effectiveness of the active
ingredients. In contrast, micro- and nanoemulsions remain stable and homogeneous,
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ensuring that the active ingredients are consistently delivered to the skin. This stabil-
ity is particularly important for products containing sensitive or volatile compounds,
as it helps to preserve their potency and effectiveness [14].

4.2.2 Improved skin penetration

One of the key advantages of micro- and nanoemulsions is their ability to enhance
skin penetration of active ingredients. The small droplet size of these emulsions al-
lows for better absorption and deeper penetration into the skin layers. This is
achieved through the increased surface area of the droplets, which facilitates more
efficient interaction with the skin’s surface. As a result, active ingredients can reach
the deeper layers of the skin, where they can exert their therapeutic effects more ef-
fectively [15]. Improved skin penetration is particularly beneficial for delivering ac-
tive ingredients that target specific skin concerns, such as antiaging, pigmentation,
and acne. For example, nanoemulsions can enhance the delivery of retinoids and pep-
tides, which are commonly used in antiaging formulations. By improving the penetra-
tion of these ingredients, micro- and nanoemulsions can enhance their efficacy and
provide more noticeable results. This property makes them a valuable tool in the de-
velopment of advanced cosmeceutical products that offer targeted and effective skin-
care solutions.

4.2.3 Controlled and sustained release of active ingredients

Micro- and nanoemulsions also offer the advantage of controlled and sustained re-
lease of active ingredients. The small droplet size and stable interfacial film of these
emulsions allow for the release of active components over time. This controlled re-
lease-type mechanism ensures that the active ingredients are delivered to the skin in
a sustained manner, providing prolonged effects. This is mostly beneficial for ingre-
dients that require prolonged exposure to achieve their desired effects, such as anti-
oxidants and anti-inflammatory agents [16]. The controlled release properties of
micro- and nanoemulsions also help minimize potential side effects and irritation as-
sociated with high concentrations of active ingredients. By delivering the active com-
pounds in a controlled manner, these emulsions can reduce the risk of skin irritation
and improve the overall tolerability of the product. This makes them suitable for use
in formulations designed for sensitive or reactive skin types. Additionally, the sus-
tained release of active ingredients can enhance the overall efficacy of the product,
providing continuous benefits throughout the day [17].
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4.3 Formulation strategies for cosmeceuticals

4.3.1 Components of micro/nanoemulsions: oil phase, aqueous
phase, and emulsifiers

Micro- and nanoemulsions are advanced delivery systems used in cosmeceuticals to
increase both the stability and bioavailability of active substance. These emulsions
consist of three main components: the oil phase, the aqueous phase, and emulsifiers.
The oil phase typically includes lipophilic substances such as essential oils, fatty acids,
and triglycerides, which help in solubilizing lipophilic active ingredients and provid-
ing a moisturizing effect on the skin. The aqueous phase, on the other hand, contains
hydrophilic substances like water, glycerine, and hydrosols, which aid in hydrating
the skin and dissolving water-soluble actives [18, 19]. Emulsifiers are crucial in stabi-
lizing these emulsions by lowering the surface tension between the aqueous and oil
phases, thereby preventing phase separation. Common emulsifiers used in micro/
nanoemulsions include lecithin, polysorbates, and PEG derivatives. The choice of
emulsifier depends on the desired droplet size, stability, and skin compatibility. For
instance, lecithin is a natural emulsifier that is well-tolerated by the skin and can
form stable nano-emulsions with small droplet sizes, enhancing the penetration of ac-
tive ingredients. The formulation of micro/nanoemulsions requires careful consider-
ation of the ratio of oil to aqueous phase and the type and concentration of emulsi-
fiers to achieve optimal stability and efficacy [20].

4.3.2 Selection of bioactive ingredients for skin health

The selection of bioactive ingredients in cosmeceuticals is pivotal for addressing vari-
ous skin concerns and enhancing skin health. Bioactive ingredients are chosen based
on their efficacy, safety, and ability to target specific skin issues such as aging, hyper-
pigmentation, and inflammation. Common bioactive ingredients include antioxidants,
peptides, vitamins, and botanical extracts. Antioxidants like vitamin C, vitamin E, and
resveratrol are widely used for their ability to neutralize free radicals, thereby pre-
venting oxidative stress and premature aging. Peptides, such as palmitoyl pentapep-
tide-4, stimulate collagen production and improve skin elasticity, making them effec-
tive in antiaging formulations [21].

Botanical extracts, such as green tea, aloe vera, and chamomile, are valued for
their soothing, anti-inflammatory, and antimicrobial properties. These extracts not
only provide therapeutic benefits but also enhance the overall sensory experience of
the product. The selection process involves evaluating the bioavailability, stability,
and compatibility of these ingredients with other formulation components [22]. Addi-
tionally, the concentration of bioactive ingredients must be optimized to ensure effi-
cacy without causing irritation or adverse reactions. Formulators often rely on scien-
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tific research and clinical studies to validate the effectiveness of bioactive ingredients
and to develop formulations that deliver tangible skin benefits.

4.3.3 Benefits of plant extracts for skin health
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Figure 4.2: Common plants extracts, with their cosmeceutical roles.

Plant-based extracts are integral to the formulation of micro- and nanoemulsions due to
their rich composition of bioactive compounds, including antioxidants, anti-inflammatory
agents, and antimicrobial substances. These extracts offer numerous benefits for skin
health, such as protecting against oxidative stress, reducing inflammation, and preventing
microbial infections [23]. As shown in Figure 4.2. The use of micro- and nanoemulsions
enhances the bioavailability and stability of these extracts, allowing for better penetration
and sustained release of active ingredients into the skin. This advanced delivery system
ensures that the beneficial properties of plant extracts are maximized, leading to im-
proved skin hydration, elasticity, and overall health. Moreover, plant extracts in micro-
and nanoemulsions can target specific skin concerns more effectively [24]. For instance,
antioxidants from plant extracts can neutralize free radicals, thereby preventing prema-
ture aging and promoting skin vitality. Anti-inflammatory compounds help soothe irri-
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tated skin and reduce redness, while antimicrobial agents can combat acne-causing bacte-
ria and other pathogens [25]. By incorporating plant extracts into micro- and nanoemul-
sions, skincare formulations can achieve a higher level of efficacy and provide a holistic
approach to skin health [26].

4.3.3.1 Green tea extract

Green tea extract is renowned for its high concentration of polyphenols, particularly
catechins, which exhibit potent antioxidant properties. These antioxidants help neu-
tralize free radicals, thereby protecting the skin from oxidative stress and premature
aging [27]. Additionally, green tea extract has anti-inflammatory properties that can
soothe irritated skin and reduce redness, making it beneficial for conditions such as
acne and rosacea. The incorporation of green tea extract in micro- and nanoemul-
sions enhances its stability and bioavailability, ensuring that the skin receives a sus-
tained release of these beneficial compounds. Moreover, green tea extract has been
shown to improve skin elasticity and moisture retention. Its ability to inhibit the activ-
ity of collagenase, an enzyme that breaks down collagen, helps maintain the skin’s
structural integrity and firmness [28]. The antimicrobial properties of green tea ex-
tract also make it effective in combating acne-causing bacteria, promoting clearer and
healthier skin. When formulated in micro- and nanoemulsions, green tea extract can
penetrate deeper into the skin layers, providing long-lasting benefits and improving
overall skin health [29].

4.3.3.2 Aloe vera

Aloe vera is widely recognized for its soothing and moisturizing properties, making it
a staple ingredient in many skincare products. The gel extracted from aloe vera leaves
contains vitamins, minerals, enzymes, and amino acids that contribute to its healing
and hydrating effects. Aloe vera is particularly effective in treating dry, irritated, and
sunburned skin, providing immediate relief and promoting faster healing [30]. The
use of aloe vera in micro- and nanoemulsions enhances its absorption and ensures
that its active components are delivered efficiently to the skin. In addition to its hy-
drating properties, aloe vera has anti-inflammatory and antimicrobial effects that can
help reduce acne and other skin infections. It also stimulates the production of colla-
gen and elastin, which are essential for maintaining skin elasticity and reducing the
appearance of fine lines and wrinkles. The incorporation of aloe vera in advanced
delivery systems like micro- and nanoemulsions allows for better penetration and
prolonged release of its beneficial compounds, resulting in improved skin texture and
overall health [31].
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4.3.3.3 Curcumin

Curcumin, the active compound in turmeric, is known for its powerful anti-inflammatory
and antioxidant properties. It helps reduce inflammation and oxidative damage, which
are common contributors to various skin conditions such as acne, eczema, and psoriasis.
Curcumin also has antimicrobial properties that can help prevent and treat bacterial in-
fections on the skin [32]. When formulated in micro- and nanoemulsions, curcumin’s bio-
availability is significantly enhanced, allowing for better absorption and effectiveness.
Furthermore, curcumin has been shown to promote wound healing and reduce the ap-
pearance of scars. Its ability to inhibit the production of melanin makes it effective in
treating hyperpigmentation and achieving a more even skin tone. The use of curcumin in
micro- and nanoemulsions ensures that its active components are delivered directly to
the target areas, providing sustained therapeutic effects and improving overall skin
health [33].

4.3.3.4 Grape seed extract

Grape seed extract is rich in polyphenols, particularly proanthocyanidins, which are
known for their strong antioxidant properties. These antioxidants help protect the
skin from free radical damage and reduce the signs of aging, such as fine lines and
wrinkles. Grape seed extract also has anti-inflammatory properties that can soothe
irritated skin and reduce redness. The incorporation of grape seed extract in micro-
and nanoemulsions enhances its stability and bioavailability, ensuring that the skin
receives a continuous supply of these beneficial compounds [34]. In addition to its an-
tioxidant and anti-inflammatory effects, grape seed extract promotes collagen synthe-
sis, which is essential for maintaining skin elasticity and firmness. It also helps im-
prove skin hydration and texture, making it a valuable ingredient in antiaging and
moisturizing skincare products. The use of grape seed extract in advanced delivery
systems like micro- and nanoemulsions allows for better penetration and prolonged
release of its active components, resulting in healthier and more youthful-looking
skin [35].

4.3.3.5 Licorice root extract

Licorice root extract is well-known for its skin-brightening properties, making it a
popular ingredient in products aimed at reducing hyperpigmentation and achieving
an even skin tone. The active compound in licorice root extract, glabridin, inhibits the
activity of tyrosinase, an enzyme responsible for melanin production. This helps re-
duce dark spots and discoloration, resulting in a more radiant complexion [36]. The
use of licorice root extract in micro- and nanoemulsions enhances its absorption and
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ensures that its active components are delivered effectively to the skin. Besides its
skin-brightening effects, licorice root extract has anti-inflammatory and antioxidant
properties that can help soothe irritated skin and protect it from environmental dam-
age. It is also effective in reducing redness and swelling associated with conditions
such as rosacea and eczema. The incorporation of licorice root extract in advanced
delivery systems like micro- and nanoemulsions allows for better penetration and sus-
tained release of its beneficial compounds, providing long-lasting benefits and im-
proving overall skin health [37].

4.3.3.6 Chamomile extract

Chamomile extract is popular for its calming and anti-inflammatory qualities, making
it an excellent substance for irritated and sensitive skin. The active compounds in
chamomile, such as bisabolol and chamazulene, help reduce redness, swelling, and
discomfort associated with various skin conditions [38]. Chamomile extract also has
antioxidant properties that protect the skin from free radical damage and promote a
healthy complexion. The use of chamomile extract in micro- and nanoemulsions en-
hances its stability and bioavailability, ensuring that its active components are deliv-
ered efficiently to the skin'. In addition to its soothing effects, chamomile extract has
antimicrobial properties that can help prevent and treat skin infections [39]. It also
promotes wound healing and reduces the appearance of scars, making it a valuable
ingredient in skincare products aimed at improving skin texture and overall health.
The incorporation of chamomile extract in advanced delivery systems like micro- and
nanoemulsions allows for better penetration and prolonged release of its beneficial
compounds, resulting in healthier and more resilient skin [40].

4.3.3.7 Neem extract

Neem extract is known for its potent antibacterial, antifungal, and anti-inflammatory
properties, making it a valuable ingredient in treating various skin infections and con-
ditions. The active compounds in neem, such as nimbin and azadirachtin, assist in
combating acne-causing bacteria and decrease inflammation, promoting clearer and
healthier skin. Neem extract also has antioxidant properties that protect the skin
from environmental damage and premature aging [41]. The use of neem extract in
micro- and nanoemulsions enhances its absorption and ensures that its active compo-
nents are delivered effectively to the skin. Moreover, neem extract has been shown to
improve skin elasticity and hydration, making it beneficial for maintaining a youthful
and supple complexion [42]. It also helps soothe irritated skin and reduce redness,
making it suitable for sensitive skin types. The incorporation of neem extract in ad-
vanced delivery systems like micro- and nanoemulsions allows for better penetration
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and sustained release of its beneficial compounds, providing long-lasting therapeutic
effects and improving overall skin health [43].

4.4 Mechanism of action in skin delivery
4.4.1 Interaction of emulsion with the skin barrier

Wiechers et al. describe the interaction of emulsions with the skin barrier as a com-
plex process influenced by the composition and structure of the emulsion. The stra-
tum corneum, the outermost layer of the skin, acts as a primary barrier to the pene-
tration of substances. Emulsions, particularly those with lipophilic components, can
boost the penetration of active substance by interacting with the lipid bilayers of the
stratum corneum. This interaction can disrupt the lipid organization, increasing the
permeability of the skin and allowing for deeper penetration of the active compounds.
The choice of emollients and emulsifiers in the formulation plays a crucial role in de-
termining the extent and rate of skin delivery. Additionally, Wiechers et al. highlight
that the partitioning of active ingredients between the emulsion and the skin is a criti-
cal factor in skin delivery. The formulation must be designed to optimize the partition
coefficient, ensuring that the active ingredients are effectively transferred from the
emulsion to the skin. This can be achieved by selecting appropriate emollients that
enhance the solubility and diffusion of the active compounds within the skin layers.
By carefully formulating emulsions, it is possible to improve the clinical efficacy of
topically applied products without increasing the concentration of active ingre-
dients [44].

4.4.2 Role of droplet size and composition in facilitating deeper
penetration

Menichetti et al. describe the role of droplet size and composition in facilitating
deeper penetration of active ingredients through the skin. Nano-emulsions, with drop-
let sizes typically ranging from 20 to 200 nm, offer a larger surface area and reduced
barrier properties, which enhance their ability to penetrate the skin. The small size of
the droplets allows for better interaction with the skin lipids, increasing the perme-
ability of the stratum corneum and facilitating the delivery of active compounds to
deeper skin layers. The composition of the droplets, including the type of surfactants
and oils used, also plays a significant role in determining the penetration efficiency.
Furthermore, Menichetti et al. emphasize that the stability of nano-emulsions is cru-
cial for their effectiveness in skin delivery. Stable nano-emulsions ensure that the ac-
tive ingredients remain uniformly distributed within the formulation, preventing
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phase separation and degradation. This stability, combined with the small droplet
size, allows for a controlled and sustained release of active compounds, enhancing
their therapeutic effects. By optimizing the droplet size and composition, nanoemul-
sions can significantly improve the bioavailability and efficacy of topically applied
products [45].

4.4.3 Synergistic effects between micro/nanoemulsions
and bioactive extracts

Nanda et al. [46] describe the synergistic effects between micro/nanoemulsions and
bioactive extracts as a promising approach to increase the efficacy of skincare prod-
ucts. The combination of bioactive extracts with micro/nanoemulsions can lead to im-
proved stability, bioavailability, and penetration of the active compounds. The small
droplet size and high surface area of nanoemulsions facilitate better interaction with
the skin, allowing for a more efficient delivery of bioactive extracts to the target sites.
This synergistic interaction can enhance the overall effectiveness of the formulation,
providing multiple benefits for skin health. Moreover, Nanda et al. highlight that the
encapsulation of bioactive extracts in micro/nanoemulsions can protect them from
degradation and enhance their stability. This protection ensures that the active com-
pounds retain their potency and efficacy throughout the shelf life of the product. Ad-
ditionally, the controlled release properties of micro/nanoemulsions allow for a sus-
tained delivery of bioactive extracts, providing long-lasting therapeutic effects. By
leveraging the synergistic effects between micro/nanoemulsions and bioactive ex-
tracts, it is possible to develop advanced skincare formulations with enhanced perfor-
mance and benefits [46].

4.5 Applications of micro/nanoemulsions
in cosmeceuticals

4.5.1 Antiaging formulations: role of antioxidants

In their research, Choi et al. emphasize the crucial role of antioxidants in antiaging for-
mulations for protecting the skin from oxidative stress and free radical damage. Antiox-
idants such as vitamins C and E, green tea polyphenols, and resveratrol are commonly
incorporated into micro- and nanoemulsions to enhance their stability and bioavailabil-
ity. These compounds help neutralize free radicals, which are unstable molecules that
can cause cellular damage and accelerate the aging process. By scavenging these free
radicals, antioxidants prevent the breakdown of collagen and elastin, thereby maintain-
ing skin firmness and elasticity. The use of micro- and nanoemulsions ensures that
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these antioxidants are delivered effectively to the deeper layers of the skin, providing
long-lasting protection and promoting a youthful appearance [47].

4.5.2 Skin hydration products: hyaluronic acid and ceramide-
based emulsion

Patel et al. discuss the benefits of hyaluronic acid and ceramide-based emulsions in
skin hydration products. Hyaluronic acid is a potent humectant that can hold up to
1,000 times its weight in water; therefore it is very efficient in maintaining skin mois-
ture levels. Ceramides, on the other hand, are essential lipids that help restore the
skin barrier and prevent transepidermal water loss. When formulated in micro- and
nanoemulsions, these ingredients can penetrate deeper into the skin, providing in-
tense hydration and improving skin barrier function. This combination not only en-
hances skin hydration but also improves skin texture and resilience, making it the
best choice for dehydrated and dry skin [48, 49].

4.5.3 Acne treatment: neem and tea tree oil microemulsion

Howard et al. highlight the effectiveness of neem and tea tree oil in microemulsions
for acne treatment. Neem oil has potent anti-inflammatory and antibacterial qualities
that help reduce acne and soothe inflamed skin. Tea tree oil, known for its antimicro-
bial and anti-inflammatory effects, further enhances the formulation’s ability to com-
bat acne. The incorporation of these oils into microemulsions ensures better stability
and penetration, allowing the active compounds to spread the deeper layers of the
skin where they can show their therapeutic effects. This approach not only helps in
reducing acne lesions but also prevents future breakouts, promoting clearer and
healthier skin [50].

4.5.4 Skin brightening: licorice root, kojic acid, and arbutin-based
products

Sarkar et al. describe the synergistic effects of licorice root, kojic acid, and arbutin in
skin brightening formulations. Licorice root extract contains glabridin, which inhibits
tyrosinase activity and reduces melanin production, helping to lighten dark spots and
even out skin tone. Kojic acid, derived from fungi, also inhibits tyrosinase and has
been shown to effectively reduce hyperpigmentation. Arbutin, a natural derivative of
hydroquinone, further enhances the skin-brightening effects by preventing melanin
formation. When these ingredients are formulated in micro- and nanoemulsions,
their stability and bioavailability are significantly improved, allowing for more effec-
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tive and sustained skin brightening results. This combination provides a comprehen-
sive approach to achieving a radiant and even complexion [51].

4.5.5 Sunscreen formulation: incorporation of green tea
polyphenols and grape seed extract

Hegde et al. describe the assimilation of grape seed extract and green tea polyphenols
in sunscreen formulations as a novel approach to enhancing UV protection. Grape
seed extract is rich in proanthocyanidins, which have strong antioxidant properties
that inhibits the skin from UV-induced oxidative damage. Green tea polyphenols, par-
ticularly epigallocatechin gallate (EGCG), also provide potent antioxidant effect and
anti-inflammatory effect, further enhancing the skin’s defense against UV radiation
[52]. The use of micro- and nanoemulsions in these formulations ensures that the ac-
tive compounds are evenly distributed and effectively absorbed by the skin. This not
only improves the sunscreen’s efficacy but also provides additional skin benefits,
such as reducing inflammation and preventing premature aging.

4.6 Challenges in cosmeceuticals
Stability concerns u L, Encapsulation
with natural extracts A
‘) “ Packaging and
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==
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Figure 4.3: Challenges and solutions in cosmeceuticals.

4.6.1 Stability concerns with natural extracts

Natural extracts in cosmeceuticals often face stability issues such as oxidation and degra-
dation, which can compromise their efficacy and shelf life. As illustrated in Figure 4.3.
Scheuplein R]. et al., describe those botanical extracts rich in bioactive compounds that
are particularly susceptible to oxidative degradation when exposed to heat, air and light.
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This can lead to a loss of potency and effectiveness of the active ingredients [1]. For in-
stance, polyphenols and flavonoids, common in many plant extracts, are prone to oxida-
tion, resulting in reduced antioxidant activity. To address these challenges, researchers
have developed various stabilization techniques, including the use of antioxidants, encap-
sulation, and controlled release systems [53].

4.6.2 Phase separation and droplet size growth

Phase separation and growth in droplet size are significant challenges in the formula-
tion of emulsions. Menichetti et al. explain that emulsions, particularly those contain-
ing natural extracts, can experience instability due to the coalescence and Ostwald
ripening of droplets. This instability can lead to phase separation, where the oil and
water phases separate, resulting in an uneven distribution of active ingredients. The
growth of droplet size over time can also affect the texture and appearance of the
product, making it less appealing to consumers. To mitigate these issues, formulators
often use stabilizers, emulsifiers, and surfactants to balance the integrity of the emul-
sion and inhibit droplet growth [54].

4.6.3 Techniques to enhance stability and shelf life

Various techniques have been developed to increase the stability and shelf life of cos-
meceutical formulations. Nanda et al. describe the use of nanoencapsulation as an ef-
fective technique to shield natural extracts from degradation and improve their stabil-
ity. Nanoencapsulation involves encapsulating active ingredients within nanocarriers,
which can shield them from environmental factors e.g. light, heat, and oxygen. This
technique not only enhances the stability of the active compounds but also improves
their bioavailability and controlled release of active substance. Additionally, the usage
of antioxidants and preservatives can further enhance the shelf life of formulations by
preventing oxidative degradation and microbial contamination [55, 56].

4.7 Regulatory, safety, and patents
4.7.1 Regulatory guidelines for cosmeceutical formulations

Regulatory guidelines for cosmeceutical formulations are essential to ensure product
safety and efficacy. The FDA provides comprehensive regulations for cosmetics, in-
cluding guidelines on labelling, ingredient safety, and manufacturing practices’. In
the European Union, the EU Cosmetics Regulation (EC) No. 1223/2009 sets stringent re-
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quirements for cosmetic products, including safety assessments, product information
files, and notification procedures. These regulations aim to protect consumers by en-
suring that cosmeceutical products are safe for use and free from harmful substances.
Compliance with these guidelines is crucial for manufacturers to avoid legal issues
and ensure market access [57].

4.7.2 Safety evaluation of micro/nanoemulsion-based products:
allergenicity and irritation tests

Safety evaluation of micro/nanoemulsion-based products involves rigorous testing to
assess their potential for allergenicity and irritation. Wani et al. highlight that the
safety of nano-emulsions depends on factors such as composition, particle size, and
method of administration. Allergenicity tests, such as the human repeat insult patch
test (HRIPT), are organized to evaluate the potential of a product to cause allergic re-
actions. Irritation tests, including the Draize test, assess the likelihood of skin irrita-
tion. These tests are essential to ensure that micro/nanoemulsion-based products are
safe for consumer use and do not cause adverse skin reactions [58].

4.8 Key patents in micro/nanoemulsion technology
4.8.1 Innovations in stabilizing emulsions with natural extracts

Recent innovations in stabilizing emulsions with natural extracts have led to the devel-
opment of more effective and stable formulations. A notable patent by Baek et al. de-
scribes a nano-emulsion cosmetic composition that stabilizes high-content oils using a
combination of emulsifiers and high-pressure homogenization. This method increased
the stability and appearance of the emulsion, making it more suitable for various cos-
metic applications. Such innovations are crucial for incorporating natural extracts into
cosmeceutical products without compromising their stability and efficacy [59].

4.8.2 Patented delivery systems for enhanced skin absorption

Patented delivery systems for enhanced skin absorption have revolutionized the cos-
meceutical industry. The Invisicare® delivery system, for example, is a patented poly-
mer technology that enhances the delivery of active ingredients in topical products.
This system forms a protective bond with the skin, allowing for prolonged release and
improved absorption of active substance. Such delivery systems are formulated to
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overcome the skin barrier, ensuring that active ingredients penetrate deeper into the
skin for maximum efficacy [60].

4.8.3 Recent trends in green and sustainable cosmeceutical
patents

Current development in green and sustainable cosmeceutical patents reflect the in-
dustry’s shift toward environmentally friendly and sustainable practices. According
to a report by JWP Rzecznicy Patentowi, there has been a significant increase in pat-
ent applications for green cosmetics, which focus on natural and organic ingredients,
biodegradable packaging, and cruelty-free formulations. Companies are investing in
sustainable technologies to satisfy consumer demand for environmentally friendly
products and reduce their environmental impact. This trend is driving innovation in
the cosmeceutical industry, leading to the development of products that are both ef-
fective and sustainable [61].

4.9 Conclusion and future outlook

Micro/nanoemulsions have emerged as a transformative innovation in the field of cos-
meceuticals, bridging the gap between skincare and pharmaceutical precision. Their
ability to enhance stability, improve skin penetration, and provide controlled release
of bioactive compounds underscores their potential to revolutionize modern skincare
formulations. The inclusion of plant-based extracts, such as green tea, aloe vera, cur-
cumin, and grape seed, has further amplified their efficacy, providing a large range of
benefits including antioxidant, antiaging, anti-inflammatory, and skin brightening ef-
fects. These attributes make micro/nanoemulsions versatile candidates for applica-
tions in antiaging, hydration, acne treatment, and sun protection products. Despite
these advantages, challenges such as phase separation, instability of natural extracts,
and droplet size growth remain significant hurdles. Addressing these issues will re-
quire the development of advanced stabilization techniques and optimized formula-
tion strategies. The future of micro/nanoemulsions in cosmeceuticals is promising,
with an increasing focus on sustainability and green technologies. Innovations in eco-
friendly emulsifiers, biodegradable materials, and sustainable manufacturing practi-
ces will shape the next generation of cosmeceutical products. Additionally, regulatory
advancements and comprehensive safety evaluations will ensure consumer confi-
dence and the successful market integration of these sophisticated systems.
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Chapter 5

Accelerating recovery through advanced
wound healing applications of micro/
nanoemulsions

Abstract: The restoration of skin integrity and functioning relies on wound healing, a
multistep physiological process. It is still very difficult to effectively treat both acute
and chronic wounds, even with healthcare innovations. The use of micro/nanoemul-
sions and other innovative treatment techniques has recently come to the forefront of
wound care technology. Promising possibilities for expediting wound healing, these sys-
tems are defined by their unique physicochemical features, which allow increased drug
solubility, stability, and targeted delivery. The vital function of micro/nanoemulsions in
cutting-edge wound healing applications is examined in this chapter. Their anti-
inflammatory, antibacterial, and tissue regeneration activities are highlighted, along
with their formulation methodologies, important components (such as bioactive com-
pounds, lipids, and surfactants), and modes of action. Chronic, burn, and post-surgical
wounds are only a few of the wound types that are covered in detail. More precise
wound care is now possible due to nanotechnology-enabled smart and sensitive emul-
sions. Even while these systems show a lot of promise, they also face problems includ-
ing reliability, scalability, and regulatory roadblocks. Future directions are discussed in
the chapter’s last section, with topics such multifunctional emulsions, digital health
technology integration, and personalized medicine being highlighted. When it comes to
wound healing, micro/nanoemulsions are game changers because they connect funda-
mental research with clinical application, giving patients fresh hope for better results.
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Researchers, clinicians, and industry stakeholders may benefit from this in-depth re-
view of the potential of micro/nanoemulsions in reshaping wound care practices.

Keywords: Wound healing, microemulsion, nanoemulsion, advanced wound care,
nanotechnology

5.1 Introduction

The largest organ in the body is the skin, which consists of the epidermis, dermis, and
dermal appendages [1]. A wound is defined as a disruption in the normal structure
and function of the skin or underlying tissues, resulting from physical, chemical, ther-
mal, or microbial injury. This breach in the body’s protective barrier exposes internal
tissues to the external environment, creating a risk of infection, fluid loss, and im-
paired functionality. Wounds are a common medical concern, affecting individuals
across all age groups and demographics. Their management is a critical aspect of
healthcare, as improper healing can lead to complications such as infections, chronic
pain, and disability. Understanding the nature of wounds, their classification, under-
lying pathophysiology, and the biological processes involved in healing is essential for

effective treatment and prevention of complications [2].

Wounds can be classified based on various criteria, including their cause, depth, du-
ration, and healing trajectory. The two primary categories are acute wounds and chronic
wounds:

— Acute wounds: These wounds result from sudden trauma, such as cuts, abra-
sions, lacerations, surgical incisions, or burns. They typically follow a predictable
and timely healing process, progressing through the well-defined stages of hemo-
stasis, inflammation, proliferation, and remodeling. Acute wounds generally heal
within 8-12 weeks, depending on the severity and location of the injury [3].

—  Chronic wounds: Chronic wounds fail to progress through the normal stages of
healing and often remain stuck in the inflammatory phase for extended periods.
They are frequently associated with underlying medical conditions such as diabe-
tes, venous insufficiency, or arterial disease. Examples include diabetic foot ul-
cers (DFUs), venous leg ulcers, and pressure sores. Chronic wounds are character-
ized by prolonged healing times, high risk of infection, and significant impact on
the patient’s quality of life [4].

Wounds can also be classified based on their depth (superficial, partial-thickness, or
full-thickness) and cause (traumatic, surgical, or pathological). Understanding these
classifications helps healthcare providers tailor treatment strategies to meet the spe-
cific needs of the wound and the patient [5].
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5.1.1 Pathophysiology of wound healing

Wound healing is a complex and dynamic process that involves the coordinated inter-
action of cells, extracellular matrix components, and biochemical signaling pathways.
The process is typically divided into four overlapping phases (Figure 5.1) [6]:

i. Hemostasis: Immediately after injury, the body initiates hemostasis to stop bleed-
ing. Platelets aggregate at the injury site, forming a clot that seals the wound and
provides a temporary barrier against infection.

ii. Inflammation: The inflammatory phase is characterized by recruiting immune
cells, such as neutrophils and macrophages, to the wound site. These cells clear
debris, prevent infection, and release growth factors that stimulate the next
phase of healing.

iii. Proliferation: During this phase, fibroblasts and endothelial cells proliferate to
form new tissue. Collagen is deposited, and new blood vessels are formed (angio-
genesis) to supply oxygen and nutrients to the healing tissue. Epithelial cells mi-
grate across the wound bed to restore the skin barrier.

iv. Remodeling: The final phase involves the maturation and reorganization of the
newly formed tissue. Collagen fibers are realigned to increase tensile strength,
and excess cells are removed through apoptosis. This phase can last for months
or even years, depending on the severity of the wound.

5.1.2 Significance of wound care in healthcare

Wound care is a critical component of healthcare, with significant implications for
patient outcomes, quality of life, and healthcare costs. Chronic wounds, in particular,
pose a substantial burden on healthcare systems worldwide, requiring prolonged
treatment, frequent hospital visits, and specialized care. Effective wound manage-
ment not only accelerates healing but also prevents complications, reduces hospital
readmissions, and lowers overall healthcare costs. Advancements in wound care,
such as the use of bioactive dressings, growth factor therapies, and micro/nanoemul-
sions, have revolutionized the field, offering more effective and personalized treat-
ment options. These innovations address the limitations of traditional wound care
methods and improve outcomes for patients with complex or hard-to-heal wounds.
The primary objective of wound healing is to restore the integrity of damaged tis-
sues and ensure their proper functioning. When the skin or underlying tissues are
compromised due to trauma, surgery, or chronic conditions, the body initiates a cas-
cade of biological processes to repair the injury. These processes include hemostasis
to stop bleeding, inflammation to clear debris and pathogens, proliferation to regener-
ate tissue, and remodeling to strengthen and mature the new tissue. Effective wound
healing ensures that the structural barrier of the skin is restored, preventing further
damage and enabling the affected area to regain its normal function. Without this



130 —— Sanjay Kumar Gupta et al.

process, even minor injuries could lead to severe complications, such as chronic non-
healing wounds, loss of mobility, or permanent tissue damage.

5.1.3 Advancements in wound healing technologies

The field of wound healing has witnessed remarkable advancements in recent years,
driven by innovations in biotechnology, materials science, and pharmacology. Techni-
ques such as the use of stem cells, growth factors, and micro/nanoemulsions have rev-
olutionized wound care by accelerating healing, reducing scarring, and addressing
the underlying causes of chronic wounds. These technologies not only improve pa-
tient outcomes but also pave the way for personalized wound care strategies tailored
to individual needs.

5.1.4 Challenges in traditional wound care

Traditional wound care has long been the cornerstone of managing acute and chronic
wounds, relying on established methods such as gauze dressings, antiseptics, and
basic wound cleaning techniques. While these approaches have been effective to
some extent, they are increasingly being scrutinized for their limitations in address-
ing the complex and multifaceted nature of modern wound care needs. The chal-
lenges associated with traditional wound care are multifaceted, encompassing clini-
cal, economic, and patient-centered concerns. These challenges highlight the need for
innovative and advanced wound care solutions to improve outcomes and reduce the
burden on healthcare systems.

5.1.4.1 Ineffectiveness in managing chronic wounds

One of the most significant challenges of traditional wound care is its limited efficacy
in managing chronic wounds, such as DFUs, venous leg ulcers, and pressure sores.
Chronic wounds are characterized by prolonged inflammation, impaired healing
mechanisms, and a high risk of infection. Traditional methods, which often focus on
passive wound coverage and basic infection control, fail to address the underlying bi-
ological and physiological factors that impede healing. For instance, gauze dressings,
while inexpensive and widely available, do not provide the moist wound environment
necessary for optimal healing. Additionally, they can adhere to the wound bed, caus-
ing trauma during dressing changes and further delaying recovery. This inadequacy
often results in prolonged healing times, increased patient discomfort, and a higher
likelihood of complications.
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5.1.4.2 Risk of infection and poor infection control

Infection is a major complication in wound care, particularly in chronic and nonhealing
wounds. Traditional wound care methods, such as the use of antiseptics like hydrogen
peroxide or iodine, can be overly harsh, damaging healthy tissue and impeding the
healing process. Moreover, these methods often lack the sustained antimicrobial activ-
ity required to prevent recurrent infections. The frequent need for dressing changes in
traditional wound care also increases the risk of introducing pathogens into the wound,
further exacerbating the problem. Inadequate infection control not only delays healing
but can also lead to severe systemic infections, such as sepsis, which pose significant
risks to patient health and increase healthcare costs.

5.1.4.3 Lack of personalized and targeted therapies

Traditional wound care approaches are often generic and do not account for the
unique needs of individual patients or specific wound types. For example, a diabetic
patient with poor circulation and neuropathy requires a fundamentally different ap-
proach to wound care compared to a patient with a surgical wound. Traditional meth-
ods lack the precision and customization needed to address the diverse etiologies and
healing requirements of different wounds. This one-size-fits-all approach often results
in suboptimal outcomes, particularly for patients with complex medical conditions or
those at high risk of complications.

5.1.4.4 Patient discomfort and poor quality of life

Traditional wound care methods can be uncomfortable and distressing for patients.
Frequent dressing changes, the use of harsh antiseptics, and the physical trauma
caused by adhesive dressings can lead to significant pain and discomfort. For patients
with chronic wounds, this discomfort is often prolonged, negatively impacting their
quality of life. Additionally, the visibility of wounds and the need for ongoing care
can lead to psychological distress, social isolation, and a diminished sense of well-
being. These factors underscore the need for wound care solutions that prioritize pa-
tient comfort and holistic care.

5.1.4.5 Economic burden on healthcare systems
The inefficiencies of traditional wound care contribute to a substantial economic bur-

den on healthcare systems. Chronic wounds, in particular, require prolonged treat-
ment, frequent hospital visits, and specialized care, all of which drive up healthcare
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costs. The high rates of complications, such as infections and amputations, further ex-
acerbate this burden. Traditional methods often necessitate more frequent interven-
tions and longer healing times, increasing the overall cost of care. In resource-limited
settings, the reliance on outdated and inefficient wound care practices can strain
healthcare infrastructure and limit access to effective treatments.

5.1.4.6 Limited focus on advanced healing mechanisms

Traditional wound care methods primarily focus on passive wound coverage and
basic infection control, neglecting the advanced biological mechanisms involved in
wound healing. Modern research has highlighted the importance of factors such as
angiogenesis, extracellular matrix remodeling, and the role of growth factors and
stem cells in promoting healing. Traditional approaches do not leverage these in-
sights, resulting in missed opportunities to accelerate healing and improve outcomes.
For example, the use of gauze dressings does not facilitate the delivery of bioactive
compounds or the creation of an optimal healing environment, which are critical for
addressing the complex pathophysiology of chronic wounds.

5.1.5 Role of advanced therapeutics

Advanced therapeutics has revolutionized the field of wound care, offering innovative
solutions to address the limitations of traditional methods and improve patient out-
comes. These cutting-edge approaches leverage advancements in biotechnology, mate-
rials science, and pharmacology to target the complex biological processes involved in
wound healing. By focusing on precision, personalization, and enhanced efficacy, ad-
vanced therapeutics are transforming the way wounds are managed, particularly in
the context of chronic and hard-to-heal wounds. Below is a comprehensive explora-
tion of the role and impact of advanced therapeutics in modern wound care.

5.1.5.1 Targeting the underlying pathophysiology of wounds

One of the most significant contributions of advanced therapeutics is its ability to ad-
dress the underlying pathophysiology of wounds. Chronic wounds, such as DFUs, ve-
nous leg ulcers, and pressure sores, are characterized by prolonged inflammation, im-
paired angiogenesis, and disrupted extracellular matrix remodeling. Advanced
therapeutics, including growth factors, stem cell therapies, and bioactive molecules,
target these specific mechanisms to promote healing. For example, recombinant
human platelet-derived growth factor (thPDGF) has been shown to stimulate cell pro-
liferation and tissue regeneration, while stem cell therapies enhance angiogenesis
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and modulate the inflammatory response. By addressing the root causes of impaired
healing, these therapies offer a more effective and sustainable approach to wound
management.

5.1.5.2 Enhanced drug delivery systems

Advanced therapeutics has also introduced innovative drug delivery systems that im-
prove the efficacy and precision of wound treatments. Microemulsions and nanoe-
mulsions, for instance, enable the controlled release of active ingredients, such as an-
timicrobial agents, anti-inflammatory drugs, and growth factors, directly to the
wound site. These systems enhance the bioavailability of therapeutic agents, reduce
systemic side effects, and ensure sustained action over time. Additionally, nanotech-
nology-based delivery systems, such as nanofibers and hydrogels, provide a moist
wound environment, promote cell migration, and facilitate the gradual release of bio-
active compounds [7, 8]. These advancements not only accelerate healing but also
minimize the risk of complications, such as infections and scarring.

5.1.5.3 Personalized and precision medicine

The advent of advanced therapeutics has paved the way for personalized and preci-
sion medicine in wound care. By leveraging genetic, molecular, and clinical data,
healthcare providers can tailor treatments to the unique needs of individual patients.
For instance, gene therapy and RNA-based interventions, such as siRNA, can modulate
specific genes involved in wound healing, offering targeted solutions for patients with
genetic predispositions to impaired healing. Similarly, bioengineered skin substitutes
and autologous cell therapies can be customized to match the patient’s tissue type,
reducing the risk of rejection and improving outcomes. This personalized approach
ensures that treatments are not only more effective but also aligned with the patient’s
specific healing requirements.

5.1.5.4 Promotion of regenerative healing

Advanced therapeutics emphasizes regenerative healing, which aims to restore the
structure and function of damaged tissues rather than merely closing the wound.
Techniques such as tissue engineering, 3D bioprinting, and the use of extracellular
matrix (ECM) scaffolds facilitate the regeneration of skin, blood vessels, and other tis-
sues. These approaches mimic the natural healing process, promoting the formation
of functional tissue with minimal scarring. For example, ECM-based scaffolds provide
a framework for cell migration and proliferation, while 3D-printed skin grafts offer
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precise reconstruction of complex wounds. By focusing on regeneration, advanced
therapeutics not only improves cosmetic outcomes but also restores the functional in-
tegrity of the affected area.

5.1.5.5 Combating antimicrobial resistance

The rise of antimicrobial resistance poses a significant challenge in wound care, par-
ticularly in the management of infected wounds. Advanced therapeutics offers novel
solutions to combat this issue through the use of antimicrobial peptides, phage ther-
apy, and smart dressings with built-in antimicrobial properties. These approaches
provide targeted and sustained antimicrobial activity without contributing to resis-
tance. For instance, antimicrobial peptides disrupt bacterial cell membranes, offering
broad-spectrum activity against multidrug-resistant pathogens. Similarly, smart dress-
ings release antimicrobial agents in response to changes in wound pH or temperature,
ensuring timely and effective infection control. These innovations are critical for ad-
dressing the growing threat of antimicrobial resistance in wound care.

5.1.5.6 Improving patient comfort and quality of life

Advanced therapeutics prioritizes patient comfort and quality of life by reducing the
frequency of dressing changes, minimizing pain, and accelerating healing. For exam-
ple, hydrogels and foam dressings provide a moist wound environment, reduce fric-
tion, and alleviate discomfort [9]. Similarly, bioactive dressings that release growth
factors or anti-inflammatory agents promote faster healing, reducing the duration of
treatment and the associated psychological stress. By enhancing patient comfort and
reducing the burden of care, advanced therapeutics contributes to improved mental
and emotional well-being, particularly for patients with chronic wounds.

5.1.5.7 Economic and healthcare system benefits

While advanced therapeutics often involves higher upfront costs, they offer signifi-
cant long-term economic benefits by reducing the overall cost of wound care. Faster
healing times, fewer complications, and lower rates of hospital readmissions translate
into cost savings for healthcare systems. Additionally, the prevention of chronic
wound-related complications, such as amputations and systemic infections, reduces
the economic burden on patients and society. By improving outcomes and optimizing
resource utilization, advanced therapeutics represents a cost-effective solution for
modern wound care.
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Figure 5.1: The wound healing process and immune response.

(A) The four stages of wound healing: (1) bleeding and hemostasis, where a vascular
injury leads to clot formation; (2) inflammation, characterized by immune cell re-
cruitment and scab formation; (3) proliferation, involving fibroblast activity and
granulation tissue formation; and (4) remodeling, where scar tissue develops as
the wound matures.

(B) The immune response to a wound: (1) the inflammatory response, where mast
cells release histamines and macrophages initiate cytokine signaling to combat
pathogens; (2) immune recruitment, with neutrophils and monocytes facilitating
tissue healing; and (3) pathogen removal, leading to a fully healed wound with
resolved immune activity.
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5.2 Micro/nanoemulsions
5.2.1 Definition and properties

Under some circumstances, surfactants, oils, water, and/or nanoparticles may be com-
bined to form a liquid-in-liquid colloidal dispersion system called a micro- or nanoe-
mulsion. With their tiny droplet sizes and distinctive thermodynamic features, colloi-
dal dispersions of surfactant-stabilized immiscible liquids are indispensable in a wide
range of biological and industrial contexts. Drug delivery, medicines, cosmetics, food,
and material production are just a few of the many uses for both. They may be used
for entrapping drugs that are hydrophobic as well as hydrophilic [10].

With a size range of 20-200 nm, nanoemulsions exhibit kinetic stability. Their
tiny size allows them to exhibit great stability, enhanced drug administration, control-
lable rheology, a high surface area-to-volume ratio, and optical clarity or minor opac-
ity [11]. Energy, surfactants, and cosurfactants are the three main ingredients needed
to create micro- or nanoemulsions. In order to prevent droplets from coalescing, sur-
factants lower the interfacial tension.

With a size range of 10-100 nm, microemulsions are isotropic systems that in-
clude water, oil, surfactant, and cosurfactant; they are also thermodynamically stable.
Their tiny size allows them to exhibit desired properties such as transparency, stabil-
ity, better permeability, improved bioavailability, and rheology, in addition to im-
proved drug delivery and stability [12]. Microemulsions are able to develop on their
own without the need for high-energy sources, unlike conventional emulsions. Due to
their unique physicochemical properties, microemulsions have found utility in bio-
medical applications, food processing, medicines, and cosmetics [13].

5.2.2 Formulation techniques
5.2.2.1 High-energy methods

High-shear homogenizers, microfluidizers, and ultrasonicators are high-energy me-
chanical devices that reduce size. This process makes it simple to transform oil into
an emulsion. This method was mostly used to prepare nanoemulsions because they
required a lot of energy to prepare. High-energy methods like microfluidization, high-
shear homogenization, and sonication facilitate nanoemulsion formation and are
sometimes also used in microemulsion method [14 -16].
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5.2.2.2 Microfluidization

Devices called microfluidizers are used to mix materials at the microscale. Before
passing through a microfluidizer, water, oil, surfactant, and cosurfactant are com-
bined as macroemulsions. There are various kinds of microchannels in microfluid-
izers that aid in mixing at the microsize level. This technique produced a micro/nano
with increased stability and a smaller, uniform droplet size [17].

5.2.2.3 High-shear homogenization

The method’s most popular approach uses a high-energy source to create the tiniest
micro- or nanoemulsion particles. The macroemulsion undergoes a series of transfor-
mations in a high-shear homogenizer, including cavitation, turbulence, and hydraulic
shear, to provide a fine-grained emulsion. The kind of homogenizer used, the struc-
ture of the sample, and the parameters of duration, temperature, and energy intensity
are all critical for micro/nano-size emulsions. Particle size, for instance, is inversely
proportional to the intensity of the applied energy. In order to produce a better emul-
sion, high-shear homogenizers employ small-molecule emulsifiers such as hexadecyl-
trimethyl-ammonium, sodium dodecyl sulfate, and Tween 20 [17].

5.2.2.4 Ultrasonication

Ultrasonication is the best of the high-energy techniques. Ultrasonic waves with fre-
quency of 20 kHz or higher are used in the creation of emulsions. Cavitation force is
used to disassemble microemulsions in order to create nanoemulsions and shrink
their sizes. When fluids cause microbubbles to develop, expand, and eventually col-
lapse, this phenomenon is known as cavitation. By manipulating the ultrasonic energy
and duration using piezoelectric probes, the desired particle size and stability may be
achieved by the generation of ultrasonic waves [17].

5.2.2.5 Low-energy methods

Since microemulsions require less energy to form, this method is typically used to pre-
pare them. They are also occasionally employed in the preparation of nanoemulsions.
The cumulative behavior of water, oil, surfactant, and cosurfactant was examined for
this method. Phase inversion and spontaneous emulsification are the two categories
of low-energy techniques [14-16].
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5.2.2.6 Spontaneous emulsification

When it comes to making polymeric nanoparticles, the nanoprecipitation method is
quite similar to spontaneous emulsification. Microemulsions may be produced using
the phase titration method, also known as spontaneous emulsification [18]. Microemul-
sions may be classified as W/O or O/W based on their composition alone, which indi-
cates whether they are rich in water or oil. A thorough analysis must be conducted to
exclude metastable systems. But instead of polymer, oil is used. Making a drug-
containing hydrophilic surfactant like mygliol with an organic or oil phase, an oil-
soluble surfactant like Span, and a somewhat water-miscible organic solvent like ace-
tone or ethyl acetate are all part of the process. While the process may also include add-
ing oil to water in the case of W/O emulsions, the organic phase is often introduced
drop by drop to the agitated water phase to create tiny nanoscale emulsions [19].

5.2.2.7 Phase inversion technique

The phase inversion temperature (PIT) technique creates nanoemulsions and micro-
emulsions by capitalizing on the temperature-dependent variations in surfactant solu-
bility between water and oil. An orderly transformation from a W/O to O/W emulsion,
or vice versa, is achieved by the use of a bi-continuous intermediary phase. There are
two main categories of phase inversion techniques: transitional and catastrophic. It is
common practice to quickly quench a mixture of surfactant, water, and oil after heat-
ing it to a certain temperature (PIT, or formulation blend-specific). A phase inversion
occurs when the interfacial structure opens and reverses as a consequence of a
change in temperature from low to high. The subsequent rapid quenching seals the
interfacial structure, trapping any remaining oil or water. The young droplets stay
there for a long time because of the thick surfactant coating; this is a bottom-up ap-
proach. Because heat is delivered via PIT techniques, heat-sensitive medications may
not be able to be used. The medication, oil, water, and surfactant must all be solubi-
lized with each other for the phase change to go off without a hitch. The only factor
that controls destabilization is Ostwald ripening. A catastrophic phase inversion oc-
curs when the fractional volume of the scattered phase changes, leading to a phase
inversion. A more stable emulsion may be formed from an emulsion that has been
prepared in a way that deviates from Bancroft’s guidelines [20].
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5.2.3 Advantage of micro/nanoemulsion
5.2.3.1 Pharmaceutical and drug delivery

—  Micro/nanoemulsions are used for different pharmaceutical drug delivery such as
oral, topical, intravenous, and pulmonary routes to enhance therapeutic use. Nano-
emulsions increase the solubility and bioavailability of water-insoluble drugs.
They facilitate targeted drug delivery and sustained release, which renders them
applicable in cancer treatment, vaccine delivery, and transdermal drug delivery
[21-23].

— Micro/nanoemulsions are suitable for both lipophilic and hydrophilic drugs. Drug
absorption is increased by the increased surface area caused by the smaller drop-
let size (10-200 nm) [23, 24].

— Micro/nanoemulsions decrease dosing interval, dosing frequency, and side effects
[21, 23].

— Micro/nanoemulsions are mostly safe because they are prepared by using oil,
water and surfactants, which are biocompatible and biodegradable [23, 25].

— They protect drugs from light, oxidation, and hydrolysis and prolong their shelf
life [23, 24].

5.2.3.2 Cosmeceuticals

Micro/nanoemulsions are used in cosmetics to prepare a variety of creams, including
moisturizers, sunscreen, and antiaging products. Additionally, cosmetic products are
also used to deliver active pharmaceutical product with high penetration into the skin
that gives nongreasy and light feel to the skin [26, 27].

5.2.3.3 Food and beverage industry

Applied to encapsulate bioactive substances such as vitamins, antioxidants, and essen-
tial oils, micro/nanoemulsions enhance the stability and absorption of nutrients in
functional foods and beverages [27, 28].

5.2.3.4 Agriculture

They boost the effectiveness of pesticides and lessen environmental contamination by
enhancing agrochemical solubility and penetration into plant tissues [25].
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5.2.3.5 Biomedical applications

Micro/nanoemulsions are utilized in disinfectants, wound healing, and as carriers of
imaging agents for medical diagnostics due to their antimicrobial qualities [27, 29, 30].

5.3 Mechanisms of action in wound healing

The unusual physicochemical features and multifunctional capacities of micro/nano-
emulsions have made them advanced therapeutic systems in wound healing. The
anti-inflammatory effects, antibacterial activity, increased moisture retention, and en-
hanced cellular regeneration are some of the main ways in which these systems
achieve their therapeutic benefits [31]. In order to optimize the design and use of
micro/nanoemulsions in wound care, it is vital to understand these processes
(Figure 5.2). An in-depth analysis of these processes and their role in facilitating effi-
cient wound healing is shown below.

5.3.1 Anti-inflammatory effects

While some degree of inflammation is necessary for wound healing to occur, chronic

wounds may develop when inflammation is either too severe or lasts too long. Micro/

nanoemulsions are crucial for regulating the inflammatory response and facilitating
effective and balanced healing.

- Targeted delivery of anti-inflammatory agents: Micro/nanoemulsions can encapsu-
late and deliver anti-inflammatory drugs, such as corticosteroids or nonsteroidal
anti-inflammatory drugs (NSAIDs), directly to the wound site. This targeted deliv-
ery reduces systemic side effects and ensures high local concentrations of the
drug, effectively controlling inflammation.

- Natural bioactive compounds: Many micro/nanoemulsions incorporate natural
bioactive compounds, such as curcumin, aloe vera, or omega-3 fatty acids, which
possess inherent anti-inflammatory properties. These compounds inhibit the pro-
duction of pro-inflammatory cytokines (e.g., TNF-a and IL-6) and promote the res-
olution of inflammation, creating a conducive environment for healing.

- Reduction of oxidative stress: Chronic inflammation is often associated with ele-
vated levels of reactive oxygen species (ROS), which can damage tissues and
delay healing. Micro/nanoemulsions containing antioxidants, such as vitamin E
or polyphenols, neutralize ROS and reduce oxidative stress, further supporting
the anti-inflammatory effects [32].
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5.3.2 Antimicrobial activity

Infections are a major complication in wound healing, particularly in chronic and
open wounds. Micro/nanoemulsions provide effective antimicrobial activity, prevent-
ing infections and promoting a sterile environment for healing:

Encapsulation of antimicrobial agents: Micro/nanoemulsions can encapsulate a
wide range of antimicrobial agents, including antibiotics (e.g., ciprofloxacin, gen-
tamicin), silver nanoparticles, and essential oils (e.g., tea tree oil, eucalyptus oil).
These agents are released in a controlled manner, ensuring sustained antimicro-
bial activity at the wound site.

Broad-spectrum activity: The combination of multiple antimicrobial agents within
a single emulsion can provide broad-spectrum activity against bacteria, fungi,
and viruses. This is particularly important for wounds colonized by multidrug-
resistant pathogens, which are challenging to treat with conventional thera-
pies [26].

Enhanced penetration: The small droplet size of micro/nanoemulsions allows for
deep penetration into the wound bed, ensuring that antimicrobial agents reach
the site of infection effectively. This is especially beneficial for biofilms, which
are often resistant to traditional treatments [33].

5.3.3 Enhanced cellular regeneration

Cellular regeneration is a cornerstone of wound healing, involving the proliferation
and migration of cells to rebuild damaged tissues. Micro/nanoemulsions enhance this
process by delivering growth factors, stem cells, and other regenerative agents di-
rectly to the wound site:

Delivery of growth factors: Micro/nanoemulsions can encapsulate and deliver
growth factors, such as epidermal growth factor (EGF), vascular endothelial
growth factor (VEGF), and fibroblast growth factor (FGF). These growth factors
stimulate cell proliferation, angiogenesis, and extracellular matrix formation, ac-
celerating tissue regeneration.

Stem cell therapy: The incorporation of stem cells or stem cell-derived exosomes
into micro/nanoemulsions has shown promise in promoting tissue regeneration.
Stem cells modulate the wound environment, enhance angiogenesis, and promote
the differentiation of cells into functional tissues.

Collagen synthesis: Micro/nanoemulsions can deliver agents that promote colla-
gen synthesis, such as vitamin C or proline. Collagen is essential for providing
structural support to the newly formed tissue and improving the tensile strength
of the wound [34].
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5.3.4 Improved moisture retention

A moist wound environment is essential for optimal healing, as it promotes cell mi-
gration, reduces scab formation, and minimizes tissue dehydration. Micro/nanoemul-
sions excel in maintaining moisture balance at the wound site:

- Occlusive properties: The lipid components of micro/nanoemulsions create an oc-
clusive barrier on the wound surface, preventing moisture loss and maintaining
a hydrated environment. This is particularly important for dry or necrotic
wounds, which require rehydration to support healing.

—  Humectants and moisturizers: Micro/nanoemulsions can incorporate humectants,
such as glycerin or hyaluronic acid, which attract and retain water in the wound
bed. These agents ensure a consistently moist environment, facilitating cell migra-
tion and tissue repair.

—  Reduction of exudate buildup: While maintaining moisture is important, excessive
exudate can impede healing. Micro/nanoemulsions can be designed to absorb ex-
cess exudate while retaining essential moisture, creating a balanced environment
that supports healing [35].

5.4 Key components of micro/nanoemulsions for
wound healing

Because of their tiny droplet size, excellent stability, and higher bioavailability, micro-
emulsions and nanoemulsions have become particularly useful delivery methods in
wound healing [36]. Carefully chosen components of these systems enhance tissue re-
generation, modify the wound environment, and transport therapeutic substances di-
rectly to the wound site to hasten healing [37]. Advanced encapsulation techniques,
natural bioactive chemicals, lipids and surfactants, active pharmaceutical ingredients
(APIs), and micro/nanoemulsions are the main components of wound healing solu-
tions. Improving the performance and utility of these emulsions depends on each in-
dividual component [38].

5.4.1 Lipids and surfactants

Micro- and nanoemulsions rely on lipids and surfactants (Table 5.1) as their building
blocks to provide the stability and structural integrity needed for efficient medication
delivery. The oil phase of the emulsion is composed of lipids, which may encapsulate
bioactive molecules and lipophilic medicines. These lipids include medium-chain tri-
glycerides (MCTs), phospholipids, and fatty acids. In addition to facilitating cell migra-
tion and tissue regeneration, these lipids help moisten the wound bed, which is cru-
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Figure 5.2: Fabricated micro/nanoemulsion as wound healing accelerator.
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cial for a successful healing process. To stabilize the emulsion, surfactants lower the
interfacial tension between the oil and water phases; they are amphiphilic molecules.
Wound healing emulsions often include surfactants such as lecithin, sorbitan esters
(e.g., Span 80), and polysorbates (e.g., Tween 80). Not only do these surfactants make
the emulsion more stable and prolong its shelf life, but they also make medications
that are not very water-soluble and increase their bioavailability. Emulsion therapeu-
tic effectiveness is enhanced by the presence of surfactants, some of which have anti-
bacterial and anti-inflammatory characteristics. To achieve the target droplet size, sta-
bility, and drug release profile of micro/nanoemulsions, the lipids and surfactants
must be carefully chosen and combined. For the emulsion to be appropriate for topi-
cal administration on wounds, these components also affect its biocompatibility and
safety [39].

Table 5.1: Lipids and surfactants of micro/nanoemulsions.

Category Lipid/ Properties Role in wound healing References
surfactant
Lipids Medium-chain High solubility for lipophilic ~ Enhances drug delivery and [67]
triglycerides  drugs, biocompatible, and provides a moist wound
(MCTs) easily metabolized environment
Phospholipids  Amphiphilic, forms stable Enhances skin penetration [68]
(e.g., lecithin)  bilayers, and improves and promotes tissue
emulsion stability regeneration
Oleic acid Monounsaturated fatty acid, Improves drug delivery and [69]
enhances drug solubility, has anti-inflammatory
and biocompatible properties
Squalene Natural lipid, antioxidant, Protects against oxidative [70]
and enhances skin stress and improves wound
absorption hydration
Glyceryl Nonionic, stabilizes Enhances drug delivery and [71]
monostearate emulsions, and provides a protective barrier
biocompatible on the wound
Surfactants Polysorbates ~ Nonionic, reduces interfacial Enhances drug solubility [72]
(e.g., Tween tension, and improves and bioavailability, and
80) emulsion stability stabilizes the emulsion.
Sorbitan Nonionic, forms stable Improves drug [73]
esters (e.g., emulsions, and encapsulation and delivery
Span 80) biocompatible to the wound site
Lecithin Natural surfactant, Enhances skin penetration [74]

amphiphilic, and
biocompatible

and promotes tissue
regeneration
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Table 5.1 (continued)

Category Lipid/ Properties Role in wound healing References
surfactant
Sodium lauryl  Anionic, reduces surface Improves drug delivery but [75]
sulfate (SLS) tension, and enhances drug  may cause irritation; used
solubility in low concentrations
Cetyl alcohol  Nonionic, stabilizes Enhances emulsion stability [76]
emulsions, and provides a and improves wound
smooth texture hydration
Cosurfactants Ethanol Enhances solubility of Facilitates the formation of [77]
surfactants and lipids, and stable micro/
improves emulsion nanoemulsions
formation
Propylene Enhances drug solubility and Improves drug delivery and [78]
glycol stabilizes emulsions provides a moist wound

environment

Polyethylene  Nonionic, improves Enhances drug delivery and [79]
glycol (PEG) solubility, and stabilizes reduces immunogenicity
emulsions
Natural Saponins Natural, biodegradable, and  Provides antimicrobial and [80]
surfactants forms stable emulsions anti-inflammatory effects
Quillaja Natural, forms stable Enhances drug delivery and [81]
saponin nanoemulsions, and provides antimicrobial
biocompatible properties
Glycyrrhizin Natural, anti-inflammatory, ~ Reduces inflammation and [82]
and stabilizes emulsions promotes wound healing

5.4.2 Active pharmaceutical ingredients (APIs)

To target the specific biological mechanisms at work during wound healing, micro/
nanoemulsions include APIs. Antibiotics, anti-inflammatory drugs, growth factors,
and analgesics are all examples of APIs that may aid in wound healing. For instance,
dexamethasone and antibiotics like ciprofloxacin and gentamicin alleviate inflamma-
tion and discomfort, respectively, and are used for the prevention and treatment of
wound infections. Particularly crucial in the healing of chronic wounds are growth
factors including VEGF and EGF, which promote cell proliferation, angiogenesis, and
tissue regeneration. To maximize their therapeutic potential, these APIs are enhanced
by including them into micro/nanoemulsions, which prolongs their release, guaran-
tees targeted distribution to the wound site, and boosts their stability. Table 5.2 shows
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that the wound type, wound severity, and patient-specific healing needs determine
which APIs are most appropriate. Emulsifying several APIs allows for the simulta-
neous treatment of wounds in a number of ways, including infection prevention, tis-
sue regeneration, and scar reduction [40].

5.4.3 Natural bioactive compounds

Because of their biocompatibility, low toxicity, and multifunctional qualities, natural
bioactive substances produced from microbes, animals, or plants have garnered a lot
of interest in wound healing (Table 5.3) [41, 42]. Ideal candidates for integration into
micro/nanoemulsions include substances with antibacterial [43], anti-inflammatory,
antioxidant, and wound-healing characteristics, such as curcumin, honey, aloe vera,
and essential oils. For example, turmeric’s curcumin, a polyphenol, may speed up
wound healing, decrease inflammation, and increase collagen production [44]. In a
similar vein, aloe vera calms the skin and speeds up tissue regeneration; honey kills
germs and creates a moist wound environment. Lavender and tea tree oils, among
others, have anti-inflammatory and antibacterial properties. Improving the therapeu-
tic efficiency of micro/nanoemulsions with natural bioactive substances lessens the
need for manufactured medications, which might cause adverse effects or add to the
problem of antimicrobial resistance [42]. Wound healing results may be further im-
proved by using these chemicals alone or in conjunction with APIs to achieve syner-
gistic effects [45].

Table 5.3: Natural bioactive compounds as wound healing agents.

Bioactive Source Properties Role in wound healing References
compound/
sources
Curcumin Turmeric Anti-inflammatory, Reduces inflammation, [103]
(Curcuma antioxidant, antimicrobial, prevents infections, and
longa) and promotes collagen accelerates wound closure
synthesis
Honey Bees (Apis Antimicrobial, anti- Prevents infections, reduces [104]
mellifera) inflammatory, and inflammation, and enhances
promotes moist wound tissue regeneration.
healing
Aloe vera Aloe Anti-inflammatory, Soothes the skin, reduces [105]
barbadensis moisturizing, and inflammation, and accelerates

Miller promotes cell proliferation re-epithelialization
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Table 5.3 (continued)

Bioactive Source Properties Role in wound healing References
compound/
sources
Tea tree oil Melaleuca Antimicrobial, antifungal,  Effective against multidrug- [106]
alternifolia and anti-inflammatory. resistant pathogens and
reduces wound infections
Chitosan Crustacean Antimicrobial, Enhances wound closure, [107]
shells biodegradable, and reduces infections, and
promotes tissue improves collagen deposition
regeneration
Omega-3 Fish oil and Anti-inflammatory and Reduces chronic inflammation [108]
fatty acids flaxseed promotes angiogenesis and enhances blood vessel
formation in wounds
Resveratrol  Grapes and Antioxidant, anti- Reduces oxidative stress, [109]
berries inflammatory, and accelerates wound closure,
promotes cell proliferation and prevents scarring
Calendula Calendula Anti-inflammatory, Reduces inflammation, [110]
extract officinalis antimicrobial, and prevents infections, and
promotes tissue enhances wound healing
regeneration
Vitamin E Plant oils and  Antioxidant, moisturizing, ~ Protects against oxidative [111]
nuts and promotes collagen damage, improves skin
synthesis hydration, and enhances
tissue repair
Lavender oil  Lavandula Antimicrobial, anti- Reduces pain, prevents M2]
angustifolia inflammatory, and infections, and promotes
soothing relaxation of wound tissues
Neem extract Azadirachta Antimicrobial, antifungal,  Effective against a wide range [113]
indica and anti-inflammatory of pathogens and reduces
inflammation in chronic
wounds
Green tea Camellia Antioxidant, anti- Reduces oxidative stress, [114]
extract sinensis inflammatory, and accelerates wound closure,
promotes collagen and improves skin elasticity
synthesis
Chamomile Matricaria Anti-inflammatory, Reduces inflammation, [115]
extract chamomilla antimicrobial, and prevents infections, and

soothing

promotes relaxation of wound
tissues
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Table 5.3 (continued)
Bioactive Source Properties Role in wound healing References
compound/
sources
Oregano oil  Origanum Antimicrobial, antifungal,  Effective against multidrug- [116]
vulgare and antioxidant resistant pathogens and
reduces oxidative stress in
wounds
Manuka Leptospermum  Antimicrobial, anti- Highly effective against [17]
honey scoparium inflammatory, and resistant bacteria and
promotes tissue enhances wound closure
regeneration
Centella Centella Promotes collagen Enhances tissue regeneration, [118]
asiatica asiatica synthesis, anti- reduces scarring, and
inflammatory, and improves wound strength
antioxidant
Pomegranate Punica Antioxidant, antimicrobial, Reduces oxidative stress, [119]
extract granatum and promotes prevents infections, and
angiogenesis enhances blood vessel
formation
Rosemary oil  Rosmarinus Antimicrobial, anti- Reduces inflammation, [120]
officinalis inflammatory, and prevents infections, and
antioxidant. protects against oxidative
damage
Propolis Bees (Apis Antimicrobial, anti- Prevents infections, reduces [121]
mellifera) inflammatory, and inflammation, and accelerates
promotes tissue wound closure

regeneration

5.4.4 Encapsulation strategies

For micro/nanoemulsion therapeutic agent distribution and release optimization, en-
capsulation methods are crucial. To prevent degradation and provide regulated re-
lease at the wound site, these solutions employ innovative techniques to encapsulate
APIs and bioactive chemicals inside the emulsion droplets. Some common techniques
for encapsulation include ultrasonication, high-pressure homogenization, and solvent
evaporation. Incorporating nanocarriers, including liposomes, solid-lipid nanopar-
ticles (SLNs), and polymeric nanoparticles into the emulsion is a promising encapsula-
tion strategy. The encapsulating medicines are further protected, made more stable,
and may be delivered to particular cell types or tissues with the help of these nano-
carriers. For instance, SLNs provide prolonged release and enhanced skin penetra-
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tion, while liposomes may encapsulate hydrophilic and hydrophobic medications con-
currently. Using stimuli-responsive encapsulation systems is another novel method;
these systems release their payload in reaction to certain triggers, such as changes in
wound site temperature, pH, or enzyme activity. In order to minimize unwanted ef-
fects and maximize therapeutic agent effectiveness, these systems control their re-
lease to specific locations and times. To make sure that therapeutic drugs reach the
wound site in enough quantities to work, encapsulation techniques are crucial for en-
hancing their bioavailability and pharmacokinetics. Enhancing their overall effective-
ness in wound healing, micro/nanoemulsions may deliver a broad spectrum of thera-
peutic agents with accuracy and efficiency by optimizing encapsulation [46].

5.5 Applications in wound care
5.5.1 Chronic wounds

The complicated underlying pathophysiology, protracted healing periods, and high in-
fection risk of chronic wounds (e.g., pressure sores, venous leg ulcers, and DFUs)
make them a formidable obstacle in wound management. One promising approach to
wound management is the use of micro/nanoemulsions, which may deliver therapeu-
tic chemicals that target particular healing obstacles. For example, emulsions contain-
ing growth factors such as VEGF or EGF may promote cell proliferation and angiogen-
esis, leading to tissue regeneration in diabetic ulcers [47, 48]. Similarly, emulsions
laden with antimicrobials help fight infections caused by MRSA, a kind of bacteria
that often causes persistent wounds. Reducing the frequency of dressing changes,
micro/nanoemulsions are able to permeate the wound bed and release their active
components over time, maintaining therapeutic concentrations. To speed up the heal-
ing process even further, natural bioactive substances like honey or curcumin may be
used to boost the anti-inflammatory and antioxidant benefits. Micro/nanoemulsions
provide a thorough and efficient method for healing chronic wounds by treating the
fundamental reasons for these difficult situations, including poor circulation, persis-
tent inflammation, and microbial colonization [49].

5.5.2 Acute injuries

To promote the efficient healing of cuts, scrapes, and lacerations while minimizing
complications, it is essential to provide prompt and effective treatment. Because of
their capacity to transport medicinal substances straight to the site of injury, micro/
nanoemulsions work wonders in this setting. A typical consequence of acute injuries
is infections; however, emulsions containing antibiotics or silver nanoparticles may
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prevent these infections. Patients might experience less edema and discomfort when
they use anti-inflammatory medications like dexamethasone or natural ingredients
like aloe vera. To ensure that therapeutic drugs reach the afflicted tissues effectively,
micro/nanoemulsions are able to penetrate deep into the wound bed due to their tiny
droplet size. Imperative for cell migration and tissue regeneration, the moisturizing
characteristics of these emulsions also aid in keeping the wound area wet. When time
is of the essence, micro/nanoemulsions are a lifesaver for treating acute injuries since
they shorten the healing period and lessen the likelihood of problems [50].

5.5.3 Burn wounds

There is a considerable chance of infection, scarring, and substantial tissue damage in
burn wounds, making them among the most difficult injuries to cure. Therapeutic
drugs that stimulate tissue regeneration, decrease inflammation, and prevent infec-
tions may be delivered via micro/nanoemulsions, which provide various benefits in
burn wound care. Emulsions containing growth factors, including FGF, might hasten
re-epithelialization by, for example, stimulating cell proliferation in the skin. In a sim-
ilar vein, antimicrobial medicines like essential oils or silver sulfadiazine help safe-
guard burn victims against infections, a leading cause of morbidity. Burn victims
have rapid alleviation from pain and suffering because of the cooling and moisturiz-
ing properties of micro/nanoemulsions. The anti-inflammatory and antioxidant prop-
erties may be further enhanced by adding natural bioactive ingredients like curcumin
or honey, which further promotes healing. Micro/nanoemulsions provide a holistic
and efficient method of burn treatment by enhancing functional and aesthetic results
while tackling the specific problems associated with burn wounds, such as significant
tissue damage and a high risk of infection [51].

5.5.4 Post-surgical healing

Infections, dehiscence (reopening of the wound), and severe scarring are consequen-
ces of post-surgical wounds that must be carefully managed to promote efficient and
quick healing. Here, micro/nanoemulsions really shine since they can transport me-
dicinal substances tailored to the unique requirements of surgical wounds. As an ex-
ample, one frequent consequence of post-surgical wounds is surgical site infections;
emulsions containing antibiotics or silver nanoparticles help prevent these infections.
Anti-inflammatory medications help alleviate swelling and discomfort, leading to im-
proved patient comfort. These agents can be synthetic or natural, such as chamomile
extract. The wound site is protected throughout the healing process using micro/nano-
emulsions because they release therapeutic agents gradually, minimizing the fre-
quency of dressing changes. Furthermore, growth factors like EGF or VEGF may speed
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up the healing process by stimulating angiogenesis and tissue regeneration. In order
to improve results and shorten recovery periods, micro/nanoemulsions provide a
thorough and efficient method of post-surgical wound care by tackling specific issues
including infection risk and the need for quick tissue regeneration [52].

5.6 Advances in technology and research

Thanks to new research and technological developments, wound healing has come a
long way in the last several years. For instance, micro/nano-emulsions have become
potent instruments for administering medicinal substances, influencing the wound
milieu, and encouraging tissue repair. These innovations are marked by the creation
of sensitive and intelligent emulsions, the incorporation of nanotechnology to allow
personalization, and the use of complementary treatments to improve healing results.
What follows is an in-depth analysis of these recent innovations and how they affect
wound care.

5.6.1 Smart and responsive emulsions

Smart and responsive emulsions represent a significant leap forward in wound care,

offering the ability to adapt to the dynamic conditions of the wound environment.

These emulsions are designed to release their payload in response to specific triggers,

such as changes in pH, temperature, or the presence of enzymes, ensuring that thera-

peutic agents are delivered precisely when and where they are needed:

—  pH-Responsive emulsions: Chronic wounds often exhibit an alkaline pH due to
bacterial colonization and prolonged inflammation. pH-responsive emulsions can
release antimicrobial or anti-inflammatory agents in response to these alkaline
conditions, targeting infection and inflammation more effectively.

—  Temperature-responsive emulsions: In burn wounds or inflamed tissues, localized
temperature increases can trigger the release of cooling agents, analgesics, or
anti-inflammatory drugs, providing immediate relief and promoting healing.

— Enzyme-responsive emulsions: Certain enzymes, such as matrix metalloprotei-
nases (MMPs), are overexpressed in chronic wounds. Enzyme-responsive emul-
sions can release therapeutic agents, such as MMP inhibitors or growth factors, in
the presence of these enzymes, addressing the underlying causes of impaired
healing [53].
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5.6.2 Nanotechnology in customizing emulsions

The advancements in nanotechnology have completely changed the way micro/nano-
emulsions may be customized. Now, delivery systems can be designed with pinpoint
accuracy to meet the unique requirements of various types of wounds. Researchers
have shown that emulsions may be made more stable, bioavailable, and therapeuti-
cally effective, by using the specific characteristics of nanomaterials:

—  Nanocarriers: The incorporation of nanocarriers, such as liposomes, SLNs, and
polymeric nanoparticles, into emulsions allows for the encapsulation and con-
trolled release of therapeutic agents. These nanocarriers protect the active ingre-
dients from degradation, enhance their penetration into the wound bed, and pro-
vide sustained release over time.

- Surface modifications: Nanotechnology enables the surface modification of emul-
sion droplets to improve their targeting and adhesion to specific tissues or cells.
For example, the addition of ligands or antibodies to the surface of emulsion
droplets can enhance their binding to receptors on fibroblasts or endothelial
cells, promoting tissue regeneration and angiogenesis.

—  Multifunctional emulsions: Nanotechnology allows for the development of multi-
functional emulsions that combine multiple therapeutic agents or properties in a
single system. For instance, an emulsion can be designed to deliver both antimi-
crobial agents and growth factors, addressing infection and promoting tissue re-
generation simultaneously [54].

5.6.3 Synergistic therapies

To improve the overall effectiveness of wound healing, synergistic treatments com-

bine several therapeutic substances or techniques. Synergistic therapies, which use

the synergistic effects of many treatments, are more successful than single-agent ther-
apies in addressing the complex wound healing process:

— Combination of antimicrobial and anti-inflammatory agents: Chronic wounds
often involve both infection and inflammation. Combining antimicrobial agents,
such as silver nanoparticles or antibiotics, with anti-inflammatory drugs, such as
corticosteroids or natural compounds like curcumin, can address both issues si-
multaneously, promoting faster and more effective healing [44].

—  Growth factors and stem cells: The combination of growth factors, such as EGF or
VEGF, with stem cell therapies can enhance tissue regeneration and angiogenesis.
Stem cells can modulate the wound environment and promote the formation of
new blood vessels, while growth factors stimulate cell proliferation and differen-
tiation.
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— Natural and synthetic compounds: The integration of natural bioactive com-
pounds, such as honey or aloe vera, with synthetic drugs can provide a balanced
approach to wound healing. Natural compounds often possess antimicrobial,
anti-inflammatory, and antioxidant properties, while synthetic drugs offer tar-
geted and potent therapeutic effects [55].

5.7 Challenges and limitations

There are several obstacles to overcome before fully realizing the potential of micro/
nanoemulsions to transform wound care. In order to fully use these sophisticated
treatment systems, it is essential to resolve issues, which include the technological,
regulatory, and economic spheres. Regulatory and safety concerns, cost-effectiveness,
stability, and scalability are only a few of the important constraints and issues linked
with micro/nanoemulsions.

5.7.1 Stability and scalability

The creation of stable and scalable micro/nanoemulsions during manufacture and
storage is a major problem. When we talk about an emulsion’s stability, we’re refer-
ring to how well it holds its physicochemical characteristics, such as the size of its
droplets, how uniform it is, and how well it encapsulates drugs, over time. Conversely,
emulsions must be scalable if their quality and performance can be mass-produced
without degradation:

—  Physical instability: Micro/nanoemulsions are prone to physical instability, such
as coalescence (merging of droplets), flocculation (clumping of droplets), or phase
separation. These issues can lead to inconsistent drug delivery and reduced thera-
peutic efficacy. Stabilizing agents, such as surfactants and cosurfactants, are often
required to maintain the integrity of the emulsion, but their selection and optimi-
zation can be complex.

—  Chemical instability: The APIs or bioactive compounds encapsulated in the emul-
sion may degrade over time due to exposure to light, heat, or oxygen. This degra-
dation can reduce the therapeutic efficacy of the emulsion and limit its shelf life.

- Scalability challenges: Translating laboratory-scale formulations to industrial-
scale production is a significant hurdle. Factors such as the choice of equipment,
production conditions, and quality control measures must be carefully optimized
to ensure consistency and reproducibility. Scaling up production while maintain-
ing the stability and efficacy of the emulsion requires significant investment in
technology and expertise [56].
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5.7.2 Regulatory and safety considerations

There are many safety and regulatory concerns with developing and selling micro/
nanoemulsions for wound healing. To guarantee their quality, safety, and effective-
ness, these emulsions must undergo thorough examination before they can be ap-
proved as innovative drug delivery systems:

Biocompatibility and toxicity: The components of micro/nanoemulsions, such as
lipids, surfactants, and encapsulated drugs, must be biocompatible and nontoxic.
However, certain surfactants or nanomaterials may pose risks of cytotoxicity,
immunogenicity, or long-term accumulation in the body. Comprehensive preclini-
cal and clinical studies are required to assess these risks and establish safe usage
guidelines.

Regulatory approval: Regulatory agencies, such as the U.S. Food and Drug Admin-
istration (FDA) and the European Medicines Agency (EMA), require extensive
data on the formulation, manufacturing process, stability, and therapeutic effi-
cacy of micro/nanoemulsions. The approval process can be time-consuming and
costly, particularly for novel or complex formulations.

Standardization and quality control: Ensuring the consistency and quality of
micro/nanoemulsions is critical for regulatory approval and clinical success. Stan-
dardized protocols for manufacturing, characterization, and testing are essential
to meet regulatory requirements and ensure patient safety [57].

5.7.3 Cost-effectiveness

Micro- and nanoemulsions have been widely used in wound treatment because of
their cost-effectiveness. The development, manufacture, and implementation of these
sophisticated systems may be costly, which raises issues regarding affordability and
accessibility:

High development costs: The research and development of micro/nanoemulsions
involves significant investment in materials, technology, and expertise. The need
for extensive preclinical and clinical studies further adds to the cost.
Manufacturing expenses: The production of micro/nanoemulsions requires spe-
cialized equipment and processes, such as high-pressure homogenization or ultra-
sonication, which can be costly. Additionally, the use of high-quality ingredients,
such as purified lipids and surfactants, increases production expenses.

Economic burden on healthcare systems: While micro/nanoemulsions may reduce
long-term healthcare costs by improving healing outcomes and preventing com-
plications, their high upfront costs can be a barrier to adoption, particularly in
resource-limited settings. Ensuring cost-effectiveness requires careful consider-
ation of the balance between therapeutic benefits and economic feasibility [58].
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5.8 Future perspectives

Prompted by developments in formulation science, digital health technologies, and
personalized medicine, the area of micro/nanoemulsions for wound healing is under-
going fast evolution. These new developments have the potential to revolutionize
wound care by making treatments more effective, precise, and accessible. Personal-
ized medicine, new developments in formulation, and the use of micro/nanoemul-
sions are the main topics of this in-depth look at the field’s future prospects.

5.8.1 Emerging trends in formulation

The cutting edge of innovation in micro/nanoemulsions for wound healing is the crea-

tion of improved formulations. To rectify the shortcomings of existing formulations

and enhance treatment results, researchers are investigating new components, deliv-
ery mechanisms, and functional characteristics:

—  Multifunctional emulsions: Future formulations are likely to incorporate multiple
therapeutic agents, such as antimicrobials, anti-inflammatory drugs, and growth
factors, within a single emulsion. These multifunctional emulsions can address
the complex and multifaceted nature of wound healing, providing a comprehen-
sive approach to treatment.

—  Natural and sustainable ingredients: There is a growing emphasis on the use of
natural and sustainable ingredients, such as plant-based oils, biodegradable poly-
mers, and bioactive compounds derived from natural sources. These ingredients
not only enhance the biocompatibility and safety of emulsions but also align with
the global trend toward sustainable and eco-friendly healthcare solutions.

—  Stimuli-responsive systems: Advances in stimuli-responsive emulsions, which re-
lease their payload in response to specific triggers such as pH, temperature, or
enzyme activity, are expected to play a key role in future formulations. These sys-
tems ensure targeted and controlled delivery of therapeutic agents, minimizing
side effects and maximizing efficacy [59].

—  Nanotechnology-driven innovations: The integration of nanotechnology into emul-
sion formulations is expected to continue, with the development of advanced nano-
carriers, such as lipid nanoparticles, polymeric nanoparticles, and hybrid systems.
These nanocarriers can enhance the stability, bioavailability, and therapeutic effi-
cacy of emulsions, paving the way for more effective wound care solutions [60].



Chapter 5 Accelerating recovery through advanced wound healing applications =— 159

5.8.2 Integration with digital health technologies

There is a great potential for digital health technologies in improvement of wound
care by combining micro/nanoemulsions with real-time monitoring, data-driven deci-
sion-making, and patient interaction:

Smart dressings: The development of smart dressings embedded with sensors and
micro/nanoemulsions is a promising trend. These dressings can monitor wound
parameters, such as pH, temperature, and moisture levels, in real time and re-
lease therapeutic agents as needed. This approach ensures timely and precise
treatment, improving healing outcomes.

Telemedicine and remote monitoring: Digital health platforms, such as telemedi-
cine and mobile health applications, can facilitate remote monitoring of wound
healing progress. Patients can share data on wound conditions with healthcare
providers, who can then adjust treatment plans accordingly. This integration en-
hances accessibility to care, particularly for patients in remote or underserved
areas.

Artificial intelligence (AI) and machine learning: Al and machine learning algo-
rithms can analyze large datasets on wound healing to identify patterns, predict
outcomes, and optimize treatment strategies. These technologies can guide the de-
velopment of personalized micro/nanoemulsion formulations and improve clini-
cal decision-making [61].

5.8.3 Role in personalized medicine

Micro- and nanoemulsions are in a prime position to contribute significantly to the
paradigm change towards personalized medicine, which is a major movement in the
healthcare industry. Personalized medicine seeks to enhance treatment results while
decreasing adverse effects by customizing formulations to each patient’s specific re-
quirements:

Patient-specific formulations: Advances in genomics, proteomics, and metabolo-
mics are enabling the development of patient-specific formulations. For example,
genetic profiling can identify patients who are more likely to benefit from specific
growth factors or antimicrobial agents, allowing for the customization of micro/
nanoemulsions to their unique needs.

Precision delivery systems: Micro/nanoemulsions can be designed to target spe-
cific cell types or tissues within the wound, enhancing the precision of drug deliv-
ery. For instance, surface modifications with ligands or antibodies can enable tar-
geted delivery to fibroblasts or endothelial cells, promoting tissue regeneration
and angiogenesis.
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- Adaptive therapies: The development of adaptive therapies, which adjust their ac-
tivity based on real-time feedback from the wound environment, is another
promising trend. For example, emulsions that release therapeutic agents in re-
sponse to changes in wound pH or enzyme activity can provide personalized and
dynamic treatment [62].

5.9 Case studies and clinical evidence

An increasing amount of clinical data and case studies supports the effectiveness and
potential of micro/nanoemulsions in wound healing. The advantages, disadvantages,
and practical aspects of using micro/nanoemulsions in wound care may be better un-
derstood via these comparative research and real-world applications. In order to em-
phasize their importance in progressing the area, the following is an exhaustive ex-
amination of effective applications and comparative effectiveness studies.

5.9.1 Successful applications

Acute injuries, chronic wounds, burns, and wounds caused by surgery are just some
of the many wound types that have benefited from the use of micro/nanoemulsions in
clinical settings. The efficacy and adaptability of micro/nanoemulsions in enhancing
healing and patient outcomes are shown by these fruitful applications:

— DFUs: They are a common and challenging complication of diabetes, often leading
to infections and amputations. A case study involving the use of a nanoemulsion
loaded with curcumin and silver nanoparticles demonstrated significant improve-
ments in wound closure rates and reduced infection rates in patients with DFUs.
The nanoemulsion provided sustained release of curcumin, which reduced inflam-
mation, and silver nanoparticles, which prevented bacterial colonization [63].

—  Burn wounds: In a clinical trial, a microemulsion containing honey and aloe vera
was used to treat second-degree burn wounds. The emulsion promoted rapid re-
epithelialization, reduced pain, and minimized scarring compared to traditional
dressings. The natural bioactive compounds in the emulsion provided antimicro-
bial, anti-inflammatory, and moisturizing effects, creating an optimal environ-
ment for healing [64].

—  Chronic venous leg ulcers: A study involving a nanoemulsion loaded with growth
factors (EGF and VEGF) and an antimicrobial agent (ciprofloxacin) showed prom-
ising results in treating chronic venous leg ulcers. The emulsion accelerated
wound closure, improved angiogenesis, and reduced bacterial load, addressing
the key challenges associated with chronic wounds [65].
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Post-surgical wounds: In a post-surgical wound care study, a microemulsion con-
taining dexamethasone and hyaluronic acid was applied to surgical incisions. The
emulsion reduced inflammation, promoted collagen deposition, and minimized
scarring, leading to faster recovery and improved cosmetic outcomes [33].

5.9.2 Comparative effectiveness studies

When compared to more conventional wound care practices and other cutting-edge
treatments, the efficacy of micro/nanoemulsions may be better understood via com-
parative effectiveness studies. Clinical and economic value of micro/nanoemulsions
may be better understood and optimized with the aid of these investigations:

Micro/nanoemulsions versus traditional dressings: A comparative study evaluated
the effectiveness of a nanoemulsion containing tea tree oil and silver nanoparticles
against traditional gauze dressings in treating infected wounds. The nanoemulsion
demonstrated superior antimicrobial activity, faster wound closure, and reduced
inflammation compared to gauze dressings. The study concluded that nanoemul-
sions offer a more effective and efficient alternative to traditional methods.
Micro/nanoemulsions versus hydrogels: Another study compared the performance
of a microemulsion loaded with growth factors and a commercially available hydro-
gel in treating DFUs. The microemulsion showed significantly higher rates of wound
closure and improved angiogenesis, which can be attributed to its ability to provide
sustained release of growth factors and maintain a moist wound environment.
Cost-effectiveness analysis: A cost-effectiveness analysis compared the long-term eco-
nomic impact of using micro/nanoemulsions versus standard wound care methods
for chronic wounds. The study found that while the upfront costs of micro/nanoe-
mulsions were higher, their ability to reduce healing times, prevent complications,
and lower hospital readmissions resulted in significant cost savings over time.
Patient-reported outcomes: Comparative studies have also examined patient-
reported outcomes, such as pain levels, comfort, and quality of life, in individuals
treated with micro/nanoemulsions versus traditional methods. Patients using
micro/nanoemulsions reported lower pain levels, greater comfort, and higher sat-
isfaction with their treatment, underscoring the patient-centered benefits of these
advanced therapies [66].

5.10 Conclusion

A major step forward in medical research has been creating and using micro/nanoe-
mulsions for wound healing. These cutting-edge delivery methods have shown incred-
ible promise in providing focused, efficient, and patient-centered solutions to the com-
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plicated and multifaceted problems of wound healing. A multipurpose vehicle for
therapeutic agent delivery, wound environment modulation, and tissue regeneration
promotion, micro/nanoemulsions make use of their distinct physicochemical features.
Their therapeutic effectiveness and versatility are highlighted by their capacity to re-
duce inflammation, fight bacteria, promote cell regeneration, and keep moisture in.

An increasing amount of clinical data and positive case studies demonstrate the
revolutionary effects of micro/nanoemulsions in the treatment of various wound types,
such as burns, chronic wounds, acute injuries, and wounds that have occurred after
surgery. By showing better healing results, fewer complications, and more patient satis-
faction, comparative effectiveness studies further highlight their superiority over con-
ventional wound care treatments. In addition, digital health tools, nanotechnology, and
stimuli-responsive systems have all come together to pave the way for more precise
and personalized care of wounds, meeting the specific requirements of each patient.

Stability, scalability, regulatory clearance, and cost-effectiveness are still issues,
despite the encouraging developments. Researchers, physicians, and business leaders
must work together to find solutions to these problems. If these challenges can be
overcome, micro/nanoemulsions can be commercialized and used by patients in a va-
riety of healthcare contexts.

When digital health technology, personalized medicine, and sophisticated therapies
all come together, it will revolutionize wound care. Innovative solutions that improve
healing results, lower healthcare costs, and increase patients’ quality of life are offered
by micro/nanoemulsions, which are positioned to play a vital role in this paradigm shift.
The area is always evolving, so there is a lot of room for future advancements in wound
healing. This will lead to therapies that are more effective, efficient, and sustainable.

As a conclusion, micro/nanoemulsions provide a revolutionary strategy for
wound healing by overcoming the shortcomings of conventional approaches and re-
solving all of the intricate problems associated with wound care. Healthcare practi-
tioners have the opportunity to transform wound treatment by using these cutting-
edge solutions. This will provide hope and healing to millions of patients throughout
the globe. With the ongoing progress in research and invention, micro/nanoemulsions
have great potential to aid in wound healing. Their status as a foundational tool in
contemporary medicine is only going to strengthen.
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Chapter 6

Precision oncology: nanoemulsions

as pioneers in the delivery of anticancer
agents, immunomodulators, and vaccines

Abstract: Precision oncology represents a paradigm shift in cancer treatment, empha-
sizing tailored therapeutic strategies based on individual patient profiles. Among the
innovative drug delivery systems revolutionizing this field, micro- and nanoemulsions
have emerged as promising carriers for anticancer agents, immunomodulators, and
vaccines. These colloidal systems offer several advantages, including enhanced solu-
bility of poorly water-soluble drugs, targeted delivery, controlled release, and reduced
systemic toxicity. This chapter delves into the design, formulation, and optimization
of nanoemulsions, highlighting their physicochemical properties and how these con-
tribute to improved therapeutic outcomes in oncology. Emphasis is placed on their
role in delivering chemotherapeutic agents with precision, modulating immune re-
sponses for immunotherapy, and serving as platforms for cancer vaccines. The inte-
gration of these systems with advanced targeting ligands, imaging agents, and person-
alized medicine approaches is also explored, underscoring their transformative
potential in cancer care. The chapter concludes with a discussion of current chal-
lenges, regulatory perspectives, and future directions for clinical translation.

Keywords: Precision oncology, nanoemulsions, targeted drug delivery, immunomodu-
lators, cancer vaccines

6.1 Introduction

Nanoemulsions are kinetically stable colloidal dispersions of two immiscible liquids,
stabilized by surfactants or co-surfactants, with droplet sizes typically ranging be-
tween 20 and 200 nm. They are designed to overcome the limitations of conventional
drug delivery systems, such as low hioavailability, poor aqueous solubility, and ineffi-
cient targeting of therapeutic agents [1, 2]. The nanoscale size of the droplets confers
unique properties, including enhanced surface area, high kinetic stability, and the
ability to solubilize hydrophobic drugs, making nanoemulsions an attractive platform
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for pharmaceutical applications [3-5]. Nanoemulsions can be classified into oil-in-
water (O/W), water-in-oil (W/0O), and bi-continuous systems based on the phase com-
position. These formulations have gained significant attention due to their tenable
properties and ability to encapsulate a wide range of drugs, including small mole-
cules, peptides, and nucleic acids [6, 7]. Advances in preparation techniques, such as
high-pressure homogenization, ultrasonication, and low-energy emulsification meth-
ods, have enabled the scalable production of nanoemulsions, while maintaining their
stability and reproducibility [8-10].

6.1.1 Significance in cancer therapy, immunomodulation,
and vaccines

Nanoemulsions have demonstrated substantial potential in cancer therapy due to
their ability to selectively deliver chemotherapeutic agents to tumor tissues via en-
hanced permeability and retention (EPR) effects, thereby reducing systemic toxicity
[11, 12]. Their surface can be modified with ligands like folic acid or antibodies to im-
prove active targeting of cancer cells, further enhancing therapeutic efficacy [13, 14].
For instance, paclitaxel-loaded nanoemulsions have shown improved cytotoxicity
against cancer cells, while minimizing side effects in preclinical studies [15, 16]. In the
field of immunomodulation, nanoemulsions facilitate the delivery of immunothera-
peutics, including cytokines and monoclonal antibodies, to specific immune cells,
thereby improving immune response modulation [17, 18]. Recent advancements in
vaccine development have also leveraged nanoemulsion technology to create more
effective adjuvant systems. Nanoemulsions can enhance antigen uptake by antigen-
presenting cells, improve cross-presentation, and stimulate robust cellular and hu-
moral immune responses [19, 20]. For example, squalene-based nanoemulsions have
been utilized as adjuvants in influenza vaccines, demonstrating improved immunoge-
nicity and safety profiles [21, 22].

6.1.2 Advantages of nanoemulsions over conventional systems

Nanoemulsions offer several advantages over conventional drug delivery systems, in-
cluding enhanced solubilization of poorly water-soluble drugs, improved drug stabil-
ity, and prolonged systemic circulation time [23, 24]. Their nanoscale size facilitates
passive targeting of diseased tissues via the EPR effect, enabling site-specific drug de-
livery [25, 26]. Additionally, their high surface area allows for controlled drug release,
minimizing peak plasma concentrations and associated side effects [27]. Another sig-
nificant advantage is their ability to bypass physiological barriers, such as the
blood-brain barrier (BBB), which restricts the entry of many therapeutic agents into
the central nervous system [28]. Nanoemulsions have been successfully used to de-
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liver drugs for the treatment of neurological disorders like Alzheimer’s and Parkin-
son’s disease [29]. Furthermore, nanoemulsions exhibit high biocompatibility and bio-
degradability, making them safe and effective for clinical use [30]. Table 6.1 provides
a comparative overview of various drug delivery systems over the conventional drug

delivery system, explaining the advantages and applications of these systems.

Table 6.1: Comparative overview of drug delivery systems.

Drug delivery Advantages Limitations Applications Reference
system
Nanoemulsions Enhanced solubilization, Potential stability ~ Cancer therapy, [31,32]
targeted drug delivery, issues and immunotherapy, and
and improved scalability vaccine delivery
bioavailability challenges
Liposomes Biocompatibility, reduced  Prone to leakage  Antifungal drugs and [33,34]
toxicity, and prolonged and expensive gene therapy
circulation time production
Polymeric micelles Good solubilization of Limited loading Chemotherapy and [35, 36]
hydrophobic drugs and capacity and protein drug delivery
enhanced stability possible
cytotoxicity
Solid lipid Controlled drug release Risk of drug Anti-inflammatory [37, 38]
nanoparticles and good biocompatibility expulsion and low  drugs and
(SLNs) drug loading neurodegenerative
efficiency disease treatment
Nanocrystals Enhanced dissolution rate  Requires Poorly water-soluble [39, 40]
and high drug loading surfactants for drugs
stability
Microemulsions Thermodynamically stable High surfactant Topical formulations [41, 42]
and easy to scale-up concentration and transdermal
required delivery
Self- Self-emulsifies in GI tract ~ Requires careful Oral drug delivery [43, 44]
nanoemulsifying  and improved absorption  formulation
drug delivery optimization
systems (SNEDDS)
Dendrimers Precise molecular Potential toxicity Targeted drug delivery [45, 46]
architecture and high and complex and gene therapy
drug-loading capacity synthesis
Inorganic High stability and unique  Biocompatibility Imaging, diagnostics [47, 48]

nanoparticles

surface properties

concerns and
regulatory
challenges

and photothermal
therapy
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Table 6.1 (continued)

Drug delivery Advantages Limitations Applications Reference
system
Carbon nanotubes Large surface area and Toxicity and long-  Cancer drug delivery [49, 50]
electrical properties term retention in  and biosensors
the body
Gold High biocompatibility and  Costly production ~ Photothermal therapy [51,52]
nanoparticles ease of surface and potential and diagnostics
modification accumulation in
tissues
Iron oxide Magnetic properties Potential oxidative ~MRI contrast agents [53, 54]
nanoparticles enable targeted delivery  stress and and drug targeting
clearance issues
Nanosponges High porosity and Limited large-scale Drug detoxification [55, 56]
controlled drug release production and sustained release
formulations
Hydrogel Biocompatible and Swelling behavior ~ Wound healing and [57, 58]
nanoparticles hydrophilic nature affects drug tissue engineering
release
Chitosan Mucoadhesive and pH-Sensitive Ocular drug delivery [59, 60]
nanoparticles biodegradable degradation and vaccine carriers
Silica High stability and large Biodegradability Drug carriers and gene [61, 62]
nanoparticles surface area concerns delivery
Protein Biodegradable and Limited drug Enzyme replacement [63, 64]
nanoparticles nontoxic loading therapy and vaccine
delivery
Peptide High specificity and Short shelf life Cancer [65, 66]
nanoparticles immunogenicity immunotherapy and
peptide vaccines
Quantum dots Fluorescence properties Heavy metal Bioimaging and [67, 68]
enable tracking toxicity theranostics
Lipid Protects mRNA and Stability issues and mRNA vaccines (e.g., [69, 70]
nanoparticles efficient delivery potential immune  COVID-19 vaccines)
(LNPs) response
Hybrid Combines benefits of Complex synthesis  Multimodal therapy [71,72]
nanocarriers multiple systems and regulatory and personalized
hurdles medicine
Ceramic High stability and tunable  Brittle nature and  Bone regeneration and [73,74]

nanoparticles properties

limited
biodegradability

dental applications
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Table 6.1 (continued)

Drug delivery Advantages Limitations Applications Reference
system

Extracellular Natural origin and Isolation and Regenerative medicine [75, 76]
vesicles (EVs) excellent biocompatibility ~ scalability issues and RNA delivery

Metal-organic High porosity and tunable Potential toxicity Gas delivery and [77,78]
frameworks structure and complex sustained drug release

(MOFs) synthesis

6.1.3 Limitations in the delivery of anticancer agents,
immunomodaulators, and vaccines

Despite significant advancements in drug delivery technologies, several limitations
persist, particularly in the delivery of anticancer agents, immunomodulators, and vac-
cines. One primary challenge is poor bioavailability caused by rapid degradation, me-
tabolism, and clearance of therapeutic agents before they reach their target site [79,
80]. Hydrophobic drugs like paclitaxel and docetaxel, commonly used in cancer ther-
apy, exhibit low solubility, necessitating the use of toxic excipients or high doses to
achieve therapeutic effects [81, 82]. This not only reduces efficacy but also increases
systemic toxicity, leading to severe side effects such as myelosuppression, neuropathy,
and gastrointestinal disturbances [83]. Target specificity remains another hurdle in
cancer therapy. While conventional drugs indiscriminately affect cancerous and nor-
mal tissues, targeted delivery systems still face challenges such as off-target effects
and difficulty penetrating the tumor microenvironment [84, 85]. Tumors often possess
dense extracellular matrices and abnormal vasculature, hindering the effective trans-
port and accumulation of therapeutic agents [86]. Similarly, immunomodulators, such
as cytokines and monoclonal antibodies, encounter limitations due to systemic toxic-
ity and insufficient activation of immune responses at the desired site [87, 88]. Vaccine
delivery also faces numerous challenges, including the instability of antigens during
formulation, storage, and administration, which compromises their immunogenicity
[89, 90]. Conventional vaccine formulations require cold-chain storage and distribu-
tion, limiting access in resource-poor settings [91]. Additionally, traditional adjuvants
often fail to induce robust, long-lasting immunity without causing undesirable inflam-
matory responses [92].
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6.1.4 Opportunities for nanoemulsion-based systems

Nanoemulsion-based systems have emerged as a promising solution to address the chal-
lenges associated with traditional drug delivery methods. These systems offer enhanced
solubility and bioavailability for hydrophobic drugs, enabling lower doses and reducing
systemic toxicity [93, 94]. Their nanoscale size facilitates deeper penetration into tumor
tissues, while surface modifications, such as ligand conjugation, enable targeted deliv-
ery to cancer cells, minimizing off-target effects [95, 96]. For immunomodulators, nano-
emulsions provide a sustained release profile and protect sensitive therapeutic agents
from enzymatic degradation, improving therapeutic efficacy [97, 98]. Furthermore,
nanoemulsions can act as adjuvants in vaccine delivery, enhancing antigen uptake by
antigen-presenting cells and promoting robust immune responses [99, 100]. Their ability
to encapsulate both hydrophilic and hydrophobic compounds enables the co-delivery of
antigens and adjuvants in a single formulation, improving vaccine stability and efficacy
[101, 102]. Nanoemulsions also address the logistical challenges of vaccine delivery by
enhancing the stability of antigens, reducing the dependency on cold-chain storage [103,
104]. This makes them particularly beneficial for improving vaccination coverage in re-
mote and resource-constrained regions [105].
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Figure 6.1: Schematic representation of nanoemulsion prepared using high-emulsification method.

6.2 Nanoemulsion technology: composition
and mechanism
Nanoemulsions are submicron-sized colloidal systems, composed of distinct phases,

including a lipid phase, an aqueous phase, surfactants, and co-surfactants. The lipid
phase typically comprises oils such as medium-chain triglycerides, castor oil, or essen-
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tial oils, which act as carriers for hydrophobic drugs [106, 107]. These oils improve
drug solubility and stability by encapsulating hydrophobic molecules within their
core. The aqueous phase constitutes water or water-miscible solvents that provide a
continuous medium for dispersing lipid droplets [108]. Surfactants, such as polysor-
bates, lecithins, or sodium dodecyl sulfate, lower the interfacial tension between the
lipid and aqueous phases, enabling the formation of stable nano-sized droplets [109,
110]. Co-surfactants, including alcohols or glycols, enhance the surfactant’s efficacy by
further reducing interfacial tension and stabilizing the system [111]. The balance be-
tween these components is critical to achieving a stable nanoemulsion with desirable
physicochemical properties, such as droplet size, surface charge, and stability [112].
Figure 6.1 describes the process of preparation of nanoemulsions using high-energy
emulsification. The preparation of a stable nanoemulsion involves mixing of aqueous
and oil phases in the presence of a suitable surfactant and co-surfactants. This pre-
emulsified mixture is then subjected to high-pressure homogenization to reduce the
droplet size and ensure uniform dispersion. The resulting nano-emulsion typically ex-
hibits droplet sizes ranging from 20 to 200 nm.

6.2.1 Formulation methods
6.2.1.1 High-energy methods

High-energy methods utilize mechanical energy to break down larger droplets into
nano-sized particles. Ultrasonication employs high-frequency sound waves to create
intense cavitation, resulting in droplet disruption and size reduction [113, 114]. High-
pressure homogenization is another widely used method, where a coarse emulsion is
passed through a narrow orifice under high pressure, creating intense shear and tur-
bulence that produce nano-sized droplets [115]. These methods are particularly effec-
tive in producing small, uniform droplets, making them suitable for scalable produc-
tion [116].

6.2.1.2 Low-energy methods

Low-energy methods rely on the spontaneous formation of nanoemulsions by exploit-
ing the physicochemical properties of the system. Phase inversion involves altering
the temperature or composition to achieve a phase transition that reduces interfacial
tension, leading to the self-assembly of nano-sized droplets [117]. Spontaneous emulsi-
fication, on the other hand, occurs when an organic phase containing oil, surfactants,
and co-surfactants is introduced into an aqueous phase under specific conditions, re-
sulting in the formation of nanoemulsions without the need for external energy [118,
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119]. These methods are cost-effective and suitable for thermosensitive drugs or com-
pounds [120].

6.2.1.3 Mechanism of drug delivery

6.2.1.3.1 Drug encapsulation, absorption, and controlled release

Nanoemulsions serve as versatile carriers for both hydrophilic and hydrophobic
drugs, encapsulating therapeutic molecules within their oil core or surfactant layers
[121]. Encapsulation protects drugs from enzymatic degradation, enhancing their bio-
availability and therapeutic efficacy [122]. Upon administration, nanoemulsions re-
lease drugs in a controlled manner, enabling sustained therapeutic levels over an ex-
tended period [123].

6.2.1.3.2 Role of size, charge, and surface properties in targeting tissues

The nanoscale size of droplets enhances drug penetration into tissues, especially in
poorly vascularized regions like tumors [124]. The small size also facilitates endocyto-
sis, allowing drugs to bypass biological barriers such as the blood-brain barrier [125].
Surface charge and properties influence biodistribution and cellular uptake. For in-
stance, positively charged nanoemulsions exhibit enhanced interactions with nega-
tively charged cell membranes, improving internalization [126]. Additionally, surface
modifications, such as PEGylation or ligand conjugation, enable active targeting to
specific tissues or receptors, further improving therapeutic outcomes [127, 128].

6.3 Delivery of anticancer agents using
nanoemulsions

Recent advancements in nanoemulsion technology have shown promise in delivering
key anticancer agents effectively. Nanoemulsions have been successfully used to de-
liver hydrophobic chemotherapeutic drugs such as doxorubicin, paclitaxel, and curcu-
min, improving their solubility, bioavailability, and therapeutic efficacy [129, 130].
Doxorubicin-loaded nanoemulsions have demonstrated improved pharmacokinetics
and reduced cardiotoxicity in preclinical models, making them a safer alternative to
conventional formulations [131]. Paclitaxel, a poorly water-soluble drug, has shown
enhanced tumor accumulation and reduced systemic toxicity when delivered via
nanoemulsions [132]. Similarly, curcumin, a natural compound with potent anticancer
properties, has exhibited improved stability and bioavailability in nanoemulsion sys-
tems, leading to significant anticancer effects in vitro and in vivo [133, 134]. Synergistic
drug combinations encapsulated in nanoemulsions have gained attention for their po-
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tential to overcome drug resistance and enhance therapeutic efficacy. For instance,
combining doxorubicin and curcumin in a single nanoemulsion formulation has
shown superior cytotoxicity against multidrug-resistant cancer cells, compared to in-
dividual drugs [135]. Other studies have explored dual encapsulation of paclitaxel and
cisplatin, demonstrating synergistic effects and reduced side effects in preclinical
tumor models [136, 137].

6.3.1 Targeting tumor microenvironment

Nanoemulsions are uniquely suited to target the tumor microenvironment (TME) due
to their nanoscale size and modifiable surface properties. One of the primary mecha-
nisms employed by nanoemulsions is the EPR effect, which allows nano-sized par-
ticles to passively accumulate in tumor tissues due to leaky vasculature and poor lym-
phatic drainage [138, 139]. This passive targeting increases drug concentration in the
tumor site, reducing off-target effects and systemic toxicity [140]. Active targeting
strategies further enhance the therapeutic potential of nanoemulsions. Surface modi-
fications with ligands, antibodies, or peptides enable specific binding to overex-
pressed receptors on cancer cells or in the TME [141]. For example, folate-conjugated
nanoemulsions have shown increased uptake in tumors expressing folate receptors,
leading to enhanced anticancer activity [142]. Similarly, antibody-coated nanoemul-
sions targeting HER2 receptors have demonstrated efficacy in HER2-positive breast
cancer models [143]. These targeted approaches improve drug delivery precision, min-
imize side effects, and enhance therapeutic outcomes.

6.3.2 Case studies and clinical trials

Recent preclinical and clinical research highlights the potential of nanoemulsions in
oncology. Several studies have demonstrated the efficacy of nanoemulsion-based
drug delivery systems in improving the therapeutic index of anticancer agents. For
example, a preclinical study on doxorubicin-loaded nanoemulsions reported signifi-
cant tumor growth inhibition in breast cancer xenograft models, with reduced cardio-
toxicity, compared to conventional formulations [144]. Similarly, paclitaxel and doxo-
rubicin nanoemulsions have shown superior efficacy in ovarian and lung cancer
models, demonstrating increased tumor penetration and reduced adverse effects
[145-147]. In clinical settings, several nanoemulsion-based formulations are under in-
vestigation. A notable example is curcumin-loaded nanoemulsions, which have been
evaluated in randomized, double-blinded phase 1 controlled research for breast can-
cer patients to alleviate their joint pain, demonstrating improved patient outcomes
[148]. A randomized, prospective, double-blinded pilot study compared the efficacy of
three photosensitizers — hexylaminolevulinate, aminolevulinic acid nanoemulsion,
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and methylaminolevulinate — in photodynamic therapy for superficial basal cell carci-
nomas [149]. Similarly, a randomized pilot study evaluated the effectiveness, safety,
and adherence of nanoemulsion curcumin at 50 mg and 100 mg doses in obese women
at high risk for breast cancer [150]. The research focused on curcumin’s potential to re-
duce inflammation in breast and adipose tissue by modulating pro-inflammatory bio-
markers. Reducing such inflammation may help lower the risk of developing breast
cancer. While true nanoemulsion formulations are still emerging, their safety and effi-
cacy profiles in trials indicate their potential to revolutionize cancer therapy. Safety re-
mains a critical consideration in the clinical translation of nanoemulsions. Recent trials
have reported favorable safety profiles, with minimal systemic toxicity and immunoge-
nicity These findings underscore the potential of nanoemulsion-based systems to ad-
dress longstanding challenges in cancer drug delivery, paving the way for future inno-
vations.

6.4 Nanoemulsions in immunomodulation

Immunomodulators play a critical role in the treatment of various conditions, includ-
ing cancer, autoimmune diseases, and infections. These agents are designed to either
stimulate or suppress the immune system to achieve therapeutic outcomes. In cancer
therapy, immunomodulators such as cytokines, checkpoint inhibitors, and monoclo-
nal antibodies aim to enhance the body’s immune response against tumors [151, 152].
In autoimmune diseases, these agents help regulate the immune system to prevent
attacks on the body’s own tissues, while in infectious diseases, immunomodulators
boost the immune response to fight pathogens [153, 154]. Despite the potential of im-
munomodulators, their clinical efficacy is often limited by factors such as poor bioavail-
ability, rapid clearance from the body, and instability. These limitations underscore the
need for advanced drug delivery systems that can improve the pharmacokinetics, sta-
bility, and targeting of immunomodulators. Nanoemulsions have emerged as a promis-
ing platform to address these challenges, offering enhanced delivery of immunomodu-
latory agents.

6.4.1 Nanoemulsions as immunomodulator carriers

Recent research has demonstrated the potential of nanoemulsions to serve as effec-
tive carriers for a wide range of immunomodulatory agents. These include cytokines,
monoclonal antibodies, and small-molecule immunomodulators, all of which require
controlled delivery to optimize their therapeutic effects. Nanoemulsions offer several
advantages, including the ability to encapsulate both hydrophobic and hydrophilic
compounds, provide sustained release, and improve the stability of sensitive mole-
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cules [155, 156]. For example, cytokines such as interleukin-2 (IL-2) and interferons
(IFNs) have been successfully delivered via nanoemulsion formulations, enhancing
their efficacy in cancer immunotherapy by increasing their stability and reducing
side effects [157]. Similarly, nanoemulsions have been utilized to deliver monoclonal
antibodies, such as trastuzumab, improving the pharmacokinetics and reducing off-
target effects [158, 159]. Furthermore, small-molecule immunomodulators like rapa-
mycin and cyclosporine have been encapsulated in nanoemulsions to enhance their
bioavailability and therapeutic potential in conditions like autoimmune diseases and
organ transplantation [160, 161].

6.4.2 Challenges and solutions

One of the major challenges in immunomodulation therapy is overcoming immune
system evasion, which can limit the effectiveness of treatments. The immune system
often recognizes and clears therapeutic agents before they can exert their full effects.
Nanoemulsions can address this issue by protecting immunomodulators from im-
mune surveillance through their small size and by evading recognition by the im-
mune system [162]. Additionally, surface modifications of nanoemulsions, such as PE-
Gylation, can further improve circulation time and prevent premature elimination by
the reticuloendothelial system [163]. Another significant challenge in the use of immu-
nomodulators is improving their bioavailability and stability. Many immunomodula-
tory agents, particularly cytokines, are prone to degradation and require frequent
dosing due to their short half-life. Nanoemulsions have been shown to enhance the
stability of these agents by providing a protective environment within the formula-
tion, thus increasing their shelf life and reducing the need for frequent administration
[164, 165]. Moreover, nanoemulsions can be designed for controlled release, providing
sustained drug delivery and reducing the need for high doses, thereby minimizing
side effects [166].

6.4.3 Recent research

Recent studies have shown promising results in the use of nanoemulsions for the de-
livery of immunomodulators. For instance, a study demonstrated that IL-2-loaded
nanoemulsions enhanced tumor growth inhibition and prolonged survival in a mu-
rine model of melanoma [167]. Similarly, the use of nanoemulsions for the delivery of
monoclonal antibodies like trastuzumab has shown increased tumor targeting and re-
duced systemic toxicity, providing a more effective treatment option for HER2-
positive breast cancer [159]. Additionally, nanoemulsions have been explored in the
treatment of autoimmune diseases, with studies showing enhanced stability and bio-
availability of immunosuppressive drugs like cyclosporine A when delivered in nano-
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emulsion formulations [168]. Clinical trials investigating the use of nanoemulsions in
immunotherapy are also underway, with promising early results showing improved
therapeutic outcomes and fewer side effects compared to conventional delivery sys-
tems [169, 170].

6.5 Nanoemulsions for vaccine delivery

Vaccine development has evolved significantly over the past few decades, with tradi-
tional methods focusing on inactivated or live-attenuated pathogens, subunit vac-
cines, and adjuvants to boost immune responses. However, these approaches often
face challenges related to stability, efficiency, and the need for frequent booster
doses. With the rise of new infectious diseases and the increasing demand for more
effective vaccines, innovative strategies, including the use of advanced vaccine deliv-
ery systems, have gained considerable attention [171, 172]. Nanoemulsion-based vac-
cine delivery has emerged as a promising alternative to conventional systems. Nano-
emulsions, due to their small size, biocompatibility, and ability to encapsulate both
hydrophilic and hydrophobic antigens, offer several advantages over traditional de-
livery systems. These include improved antigen presentation, enhanced stability, and
the potential for sustained release, making them ideal candidates for developing vac-
cines against various diseases, including infectious diseases and cancer [173, 174].

6.5.1 Nanoemulsion-based vaccines: recent innovations

The application of nanoemulsions in vaccine delivery has led to notable advancements,
particularly in the development of vaccines for COVID-19, influenza, and cancer. In the
case of COVID-19, several nanoemulsion-based vaccines have been developed, which en-
hance the immunogenicity of mRNA or protein-based antigens. These nanoemulsions
provide an effective means of delivering antigens and adjuvants, leading to improved
immune responses and reducing the need for higher doses or frequent boosters [175,
176]. Similarly, for influenza, nanoemulsion-based vaccine formulations have been ex-
plored to improve immune responses and ensure better protection against seasonal
variants [177, 178]. In the realm of cancer immunotherapy, nanoemulsion-based vac-
cines are being studied to deliver tumor-associated antigens and adjuvants. These vac-
cines aim to activate the immune system to recognize and attack cancer cells. The abil-
ity of nanoemulsions to encapsulate and protect the antigens from degradation, while
promoting efficient delivery to the target site, has been shown to significantly enhance
the immunogenicity of cancer vaccines [179, 180]. The advantages of nanoemulsions in
vaccine formulations also extend to their role as adjuvants. The small size and surface
properties of nanoemulsions allow for increased interaction with immune cells, en-
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hancing the uptake of antigens by antigen-presenting cells (APCs) and thereby stimulat-
ing stronger immune responses [181]. Additionally, nanoemulsions can be tailored to
improve the solubility and stability of antigens, leading to more consistent and long-
lasting immunity [182]. Figure 6.2 demonstrates the mechanism of nanoemulsions in
boosting immune response in the form of vaccines. The figure also describes that the
nanoemulsion in the form of vaccines increases the antigen uptake and stimulates hu-
moral and cellular responses. This leads to a stronger and longer immune response.
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Figure 6.2: Mechanism of nanoemulsion in form of vaccine to enhance immune response.

6.5.2 Vaccine stability and immunogenic response

One of the key challenges in vaccine development is ensuring stability, particularly
for vaccines that contain sensitive proteins or nucleic acids. Nanoemulsions have
been found to improve the stability of these antigens by providing a protective envi-
ronment within their lipid core, preventing degradation due to environmental factors
such as temperature, pH, and enzymatic activity [183, 184]. Furthermore, nanoemul-
sions can facilitate controlled release of antigens, leading to more efficient presenta-
tion to the immune system and enhancing both humoral and cellular immune re-
sponses [185]. Studies have shown that nanoemulsions enhance the immunogenicity
of various antigens by promoting their uptake by dendritic cells and other APCs. This
leads to the activation of both innate and adaptive immune responses, resulting in a
more robust and long-lasting immune protection. The controlled release properties of
nanoemulsions also ensure that antigens are delivered in a sustained manner, reduc-
ing the frequency of booster doses and improving overall vaccine efficacy [186, 187].
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6.5.3 Case studies

A growing body of clinical and preclinical research supports the use of nanoemulsion-
based vaccines for a range of diseases. For example, clinical trials evaluating the use
of nanoemulsion-based adjuvants in the COVID-19 vaccine development process have
demonstrated enhanced immune responses and the potential for faster, more efficient
vaccine production [188, 189]. Similarly, ongoing trials with nanoemulsion-based in-
fluenza vaccines are showing promising results in terms of enhanced protection
against seasonal and pandemic strains [190, 191]. Cancer vaccines utilizing nanoemul-
sion delivery systems are also undergoing clinical evaluation. Nanoemulsion-based
cancer vaccines have been shown to promote stronger immune responses and im-
proved tumor targeting in preclinical models, with several studies moving toward
clinical trials [192, 193]. In addition to these infectious disease and cancer vaccines,
nanoemulsion-based systems are also being explored for their potential in vaccine de-
livery against diseases such as malaria, HIV, and tuberculosis [194, 195]. The commer-
cialization of nanoemulsion-based vaccines is progressing, with several vaccine for-
mulations already reaching advanced stages of clinical trials. These vaccines show
promise not only in terms of efficacy but also in their potential for large-scale produc-
tion, stability, and cost-effectiveness. As more research is conducted, nanoemulsion-
based vaccines are expected to play an increasingly important role in global vaccina-
tion programs and disease prevention [196, 197].

6.5.4 Mechanisms of cellular uptake and targeting

The efficient delivery of nanoemulsion-based drug carriers to target cells and tissues

largely depends on their ability to be taken up by cells. Nanoemulsions, due to their

small size, can exploit several cellular uptake mechanisms, such as endocytosis, trans-
cytosis, and receptor-mediated uptake, to facilitate the internalization of encapsulated
drugs:

— Endocytosis is the most common pathway for nanoemulsion uptake, where the
cell membrane engulfs the nanoemulsion particles and forms vesicles to internal-
ize them into the cytoplasm. This process can occur through several forms, such
as clathrin-mediated, caveolae-mediated, and macropinocytosis, depending on
the size, charge, and surface properties of the nanoemulsion [198, 199].

— Transcytosis allows nanoemulsions to cross cellular barriers, such as the blood-
brain barrier (BBB) or the intestinal epithelium. This process involves the transport
of nanoemulsion particles across polarized cells by vesicle-mediated translocation,
ensuring that therapeutic agents can reach otherwise hard-to-access tissues [200].

— Receptor-mediated uptake involves the recognition and binding of nanoemul-
sions to specific cell surface receptors, followed by internalization. This pathway
enables the targeted delivery of drugs to specific cells or tissues overexpressing



Chapter 6 Precision oncology =—— 185

the corresponding receptors, enhancing the therapeutic efficacy and minimizing
off-target effects [201, 202].

6.5.5 Strategies for improved targeting

To further enhance the targeting specificity and cellular uptake of nanoemulsions,
various strategies are employed. One prominent approach is the functionalization of
nanoemulsions with targeting moieties, such as antibodies, aptamers, peptides, or
small molecules. These targeting ligands can selectively bind to specific receptors or
antigens present on the surface of target cells, such as tumor cells or immune cells,
thereby improving the efficiency of drug delivery to the desired site of action.

— Antibodies and aptamers are commonly used targeting ligands due to their high
specificity and affinity for their corresponding targets. Functionalizing nanoemul-
sions with antibodies or aptamers enables the delivery of drugs to cancer cells,
specific immune cells, or other disease-related tissues [203, 204].

— Peptides, such as RGD (arginine-glycine-aspartic acid) or TAT peptides, can also
be used to target specific cell types or tissues. For instance, RGD peptides target
integrin receptors overexpressed on cancer cells, while TAT peptides enhance cel-
lular uptake by interacting with the cell membrane [205, 206].

Examples of receptor-targeted nanoemulsion formulations include nanoemulsions
functionalized with anti-HER2 antibodies for targeting HER2-positive breast cancer
cells, or aptamers targeting the epidermal growth factor receptor (EGFR) in tumor
therapy [207, 208]. These targeted nanoemulsions have shown improved therapeutic
outcomes, including enhanced tumor accumulation and reduced systemic toxicity.

6.6 Recent research in nanotoxicology

As the clinical application of nanoemulsions continues to expand, understanding

their safety profile and potential toxicity is crucial. Nanotoxicology is the study of the

toxic effects of nanoparticles, including nanoemulsions, on biological systems, and
aims to identify strategies to mitigate risks associated with their use:

- Toxicity considerations include evaluating the potential for cellular damage, in-
flammation, and oxidative stress caused by nanoemulsions. The size, surface
charge, and composition of nanoemulsions are key factors influencing their inter-
action with cells and tissues. For instance, positively charged nanoemulsions may
induce more significant toxicity due to their increased interaction with negatively
charged cell membranes, whereas larger particles may be cleared more effec-
tively by the immune system [209, 210].
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— Mitigation strategies focus on designing nanoemulsions with improved biocom-
patibility. Surface modifications with hydrophilic polymers, such as polyethylene
glycol (PEG), can reduce the immunogenicity and toxicity of nanoemulsions by
preventing their aggregation and enhancing their stability in biological fluids. Ad-
ditionally, the use of biocompatible lipids and nontoxic surfactants can further
reduce adverse effects [211, 212]. Recent studies have also highlighted the impor-
tance of in vitro and in vivo testing to assess the safety of nanoemulsion formula-
tions, ensuring that they do not cause long-term toxicity or adverse immune re-
sponses. Moreover, regulatory frameworks are being developed to ensure that
nanoemulsion-based drug delivery systems meet safety standards before clinical
use [213, 214].

6.7 Combination therapies

Recent advancements in nanoemulsion-based drug delivery have enabled the devel-
opment of multimodal therapies that integrate chemotherapy, immunotherapy, and
vaccines within a single platform. This approach enhances therapeutic efficacy by tar-
geting different aspects of disease progression simultaneously, improving patient out-
comes and overcoming resistance mechanisms [215, 216]. For instance, co-delivery of
chemotherapeutic agents and immune checkpoint inhibitors in nanoemulsions has
demonstrated synergistic effects — boosting tumor regression, while reactivating the
immune system [217, 218]. A notable example includes a nanoemulsion formulation
combining paclitaxel with anti-PD-1 antibodies, enabling targeted delivery to tumors
and enhancing both cytotoxic and immune-mediated responses [219, 220]. Similarly,
integrating cancer vaccines with chemotherapeutics in a single nanoemulsion, such
as peptide-based vaccines with doxorubicin, has shown promising preclinical results,
including heightened anti-tumor immunity and tumor regression [221, 222].

6.8 Challenges and future prospects
6.8.1 Regulatory challenges

As the use of nanoemulsions in drug delivery continues to expand, regulatory chal-
lenges remain a significant barrier to their widespread adoption in clinical settings.
Regulatory authorities, such as the U.S. Food and Drug Administration (FDA) and the
European Medicines Agency (EMA), have stringent guidelines for the approval of
novel drug delivery systems. One of the primary concerns is the lack of standardized
protocols for the evaluation of nanoemulsion products, which complicates their regu-
latory approval process. Despite the advantages of nanoemulsions, their complexity
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in composition, stability, and performance presents difficulties for regulators in en-
suring product safety and efficacy. Moreover, the long-term toxicity and the potential
environmental impact of nanomaterials are critical considerations that need to be
thoroughly addressed before they can be approved for widespread clinical use [223,
224]. FDA has initiated the Nanotechnology Task Force to provide guidance on the reg-
ulation of nanomaterials, including nanoemulsions. However, regulatory uncertainty
still exists regarding the quantification and characterization of nanoparticles, espe-
cially in terms of their size distribution, surface properties, and release profiles. Simi-
larly, the EMA has been slow to establish uniform guidelines, and its regulatory ap-
proach remains fragmented, with varying requirements across member states. To
address these challenges, both agencies are working toward creating clear, harmo-
nized guidelines to streamline the approval of nanoemulsion-based drug delivery sys-
tems [225].

6.8.2 Challenges in large-scale production

Scaling up the production of nanoemulsions for commercial applications presents an-

other set of challenges, primarily related to scalability, reproducibility, and stability.

The methods used for preparing nano-emulsions, such as ultrasonication, high-

pressure homogenization, and phase inversion, work well in laboratory-scale formu-

lations but often face difficulties when adapted to large-scale production:

— Scalability: While techniques like ultrasonication can produce nanoemulsions
with high stability and small droplet sizes at the laboratory scale, these processes
may not be easily scalable due to energy consumption and high operational costs.
Furthermore, scaling up these processes can lead to issues with uniformity and
reproducibility, which are critical for ensuring consistent product quality
[226, 227].

— Stability: Nanoemulsions are inherently susceptible to physical instability, in-
cluding phase separation, creaming, and coalescence. Achieving long-term stabil-
ity, while maintaining their therapeutic efficacy, requires the optimization of
both formulation and processing conditions. Factors such as temperature, ionic
strength, and pH can affect the physical properties of nanoemulsions, making it
challenging to produce large quantities with consistent quality [228]. Additionally,
ensuring the stability of bioactive compounds encapsulated in nanoemulsions
during large-scale manufacturing processes is an ongoing issue that needs to be
addressed for their commercialization.
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6.9 Future directions

As nanoemulsion technology continues to evolve, several future directions in drug de-
livery, targeting, and formulation techniques hold great promise:

Innovations in drug delivery and targeting: One of the most exciting prospects
for nanoemulsions is their potential for targeted drug delivery. Recent advances
in surface functionalization techniques allow for the attachment of specific tar-
geting ligands, such as antibodies, aptamers, and peptides, to the surface of nano-
emulsions. This enables the selective delivery of therapeutic agents to diseased
tissues, such as tumors, while minimizing systemic side effects. Additionally, stim-
uli-responsive nanoemulsions that can release drugs in response to specific envi-
ronmental triggers, such as pH, temperature, or enzymes, are also gaining atten-
tion for their potential to further enhance therapeutic efficacy [229, 230].
Personalized medicine: Nanoemulsions hold great potential for personalized med-
icine, where therapies are tailored to individual patients based on their genetic
and physiological characteristics. By incorporating patient-specific biomarkers and
leveraging nanoemulsion formulations that can adapt to specific disease profiles,
the precision of treatments can be significantly improved. Nanoemulsions can also
enable the co-delivery of multiple drugs in personalized combinations, enhancing
therapeutic outcomes for complex diseases like cancer, autoimmune disorders, and
infections [231].

Advances in AI and computational modeling: The integration of artificial intel-
ligence (AI) and computational modeling in the design of nanoemulsions is an
emerging area of research. Al can be used to predict the optimal formulation pa-
rameters for nanoemulsions, including the choice of lipids, surfactants, and drug
candidates, to achieve desired properties such as size, stability, and drug release
profiles. Additionally, computational models can simulate the interaction of nano-
emulsions with biological systems, providing insights into their pharmacokinet-
ics, toxicity profiles, and mechanisms of action. This approach could expedite the
development of novel nanoemulsion-based therapies by reducing the time and
cost associated with experimental trials [232]. Table 6.2 describes emerging tech-
nologies in nanoemulsions.
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Table 6.2: Emerging technologies in nanoemulsion formulation.

Technology Principle Benefits Potential Reference
applications
Al-assisted Uses machine learning Faster formulation Personalized [233]
formulation algorithms to optimize development and medicine and
design nanoemulsion parameters improved targeted therapy
reproducibility
Hybrid Combines multiple Enhanced stability and  Analgesic property [234, 235]
nanoemulsions  nanocarriers (e.g., dual drug loading and
liposomes and multifunctional
nanoemulsions) vaccines
Microfluidics- Uses microscale fluid Highly controlled size  Precision medicine [236, 237]
based dynamics to generate distribution and and advanced drug
nanoemulsion uniform droplets scalable production formulations
production
Ultrasound- Uses sound waves for Energy-efficient and Drug delivery and  [238, 239]
assisted emulsification high droplet cosmetic
nanoemulsion uniformity formulations
synthesis
Bioinspired Mimics natural biological ~ High biocompatibility = Food and cosmetic  [240]
nanoemulsions  systems and enhanced cell formulation
uptake
Stimuli- Releases drugs in Controlled release and Drug delivery [241]
responsive response to pH, reduced side effects
nanoemulsions  temperature, or light
PEGylated Surface modification with  Longer half-life, Anticancer drug [242, 243]
nanoemulsions  PEG to improve circulation reduced immune delivery
response
Charge- pH-dependent charge Site-specific drug Drug delivery [244, 245]
reversible shifts for targeted delivery release and better
nanoemulsions absorption
Edible Food-grade formulations ~ Improved taste- Nutraceuticals, [246, 247]
nanoemulsions  for oral drug delivery masking and functional foods
enhanced absorption
Lipid-based Natural lipid components  High biocompatibility = Cancer therapy [248, 249]

nanoemulsions

enhance bioavailability

and reduced toxicity

and drug delivery
system
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6.10 Conclusion

Recent research into nanoemulsion-based drug delivery systems has underscored
their significant potential in overcoming many of the challenges faced by conven-
tional drug delivery methods. The advancements in the formulation and composition
of nanoemulsions have shown promise in enhancing the solubility, stability, and bio-
availability of various therapeutic agents, particularly those that are poorly soluble in
water. Nanoemulsions have proven to be effective carriers for a wide range of bioac-
tive compounds, including anticancer drugs, immunomodulators, and vaccine anti-
gens, allowing for improved therapeutic outcomes across diverse disease areas. Key
findings from recent studies have highlighted the versatility of nanoemulsions in ad-
dressing complex delivery challenges. For anticancer therapies, nanoemulsions have
been successful in delivering drugs like doxorubicin and paclitaxel, improving their
stability and targeting capabilities. Additionally, their potential for combination thera-
pies — merging chemotherapy, immunotherapy, and vaccines — has opened new ave-
nues for synergistic treatments, offering enhanced efficacy compared to single-drug
therapies. The ability to target specific tissues, such as tumors or immune cells, fur-
ther boosts their therapeutic potential, making them an ideal platform for precision
medicine. However, despite these promising developments, several challenges remain.
Regulatory hurdles continue to delay the widespread clinical use of nanoemulsion-
based therapies, with inconsistent guidelines and safety concerns about long-term expo-
sure to nanoparticles. Large-scale production also poses challenges, particularly in
maintaining the reproducibility, stability, and uniformity of nanoemulsion formula-
tions. These issues must be addressed to ensure the safe and effective commercialization
of nanoemulsion-based drug delivery systems. Looking ahead, the future of nanoemul-
sion-hased therapies is bright, with innovations in formulation techniques, targeting strat-
egies, and personalized medicine continuing to drive progress. The integration of ad-
vanced technologies such as artificial intelligence and computational modeling will
accelerate the design of more efficient and targeted nanoemulsion systems. As research
progresses, it is likely that nanoemulsions will play a critical role in the development of
next-generation therapies, particularly in areas like cancer treatment, immunomodula-
tion, and vaccine delivery. With further refinement and overcoming existing challenges,
nanoemulsion-based therapies are poised to revolutionize the landscape of modern med-
icine.
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Chapter 7

Cutting-edge innovations: advances

and applications of micro/nanoemulsions
in gel formulations

Abstract: Micro- and nanoemulsions (ME/NE) in a gel-based formulation have been
explored significantly for pharmaceutical and cosmetic applications. This chapter will
summarize the role of ME/NE topical gel formulations, discuss the application of vari-
ous excipients, describe the characterization tests used for formulation evaluation,
list the dermatological/cosmetic applications of such formulations, and elaborate on
future trends in this field. Overall, the studies highlight the significance of ME/NE in
gel-based topical formulations and their role in formulation innovation for future ap-
plications.

Keywords: Microemulsions, nanoemulsions, emulgel, topical gels

7.1 Introduction

Micro/nanoemulsions (ME/NE) have revolutionized topical drug delivery, offering en-
hanced drug stability, skin permeation, and bioavailability compared to traditional
formulations [1]. Microemulsions (MEs), typically with droplet sizes ranging from 1nm
to 500 nm, and nanoemulsions (NEs), with droplet sizes <200 nm, are colloidal systems
that are considered kinetically stable and consist of an oil phase, aqueous phase, sur-
factants, and cosurfactants. It is difficult to differentiate between NEs and MEs based
solely on their particle size [2]. There is an overlapping size range between these two
formulations. Additional characterizations that could be used to differentiate between
them are their particle size distribution (PSD), particle structure, and thermodynami-
cal stability [2]. MEs tend to show a single narrow peak for PSD, while NEs could have
single or multiple peaks with various widths (narrow- or broadband). MEs and NEs
are formed of colloidal particles that are usually spherical. However, MEs could be
formed from nonspherical particles due to the lower interfacial tension of surfactant
monolayer for MEs compared to NEs. Finally, MEs are thermodynamically stable,
while NEs are thermodynamically unstable [2].
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MEs and NEs are divided into three types: a) the aqueous phase is dispersed in a
continuous oil phase (W/O type), b) the oil phase is dispersed in a continuous aqueous
phase (O/W type), and c) the aqueous and oil phases are inter-dispersed (bi-continuous
type) [3]. These systems play a significant role in overcoming challenges associated with
the delivery of lipophilic active ingredients, making them particularly attractive for top-
ical and transdermal applications [4]. Due to their small particle size, the use of MEs
and NEs is a practical approach for overcoming the skin barrier, without the need for
penetration enhancers, through intra- and inter-cellular transport mechanisms offering
increased therapeutic efficacy with fewer side effects [5]. In addition, MEs and NEs pro-
vide high-drug loading capacities, enhanced drug solubility, controlled and sustained
drug release profiles, and ease of production [6]. This leads to more efficient drug deliv-
ery across the stratum corneum, the skin’s outermost barrier. Additionally, NE can en-
capsulate hydrophilic and lipophilic substances, providing versatility in formulation de-
sign for various skin conditions [7].

However, the main drawback of using ME and NE for topical or transdermal drug
delivery is their low viscosity, which leads to low spreadability and skin retention
time [4]. Fortunately, adding gelling agent to ME and NE formulations can help re-
solve this limitation and provide a new formulation known as emulgel [8]. Micro/
nano emulgels have gained attention in dermatological and cosmetic industries by
providing additional functionality, enhancing spreadability and ease of application,
and offering a nongreasy formulation while increasing skin retention time and im-
proving the patient experience [8, 9]. Being hydrophilic, gels allow for better skin hy-
dration, while the embedded ME/NE protects the drug from enzymatic degradation,
facilitates the prolonged release of active ingredients, and ensures better skin absorp-
tion [4]. This combination of emulsions and gels provides a potent vehicle for deliver-
ing pharmaceuticals [10], cosmetics [11], and even wound-healing agents [12], making
them a critical focus of research and innovation in topical formulations for the treat-
ment of different skin disorders, including skin cancer [13]. Table 7.1 shows the differ-
ences between microemulgel and nanoemulgel.

Several studies have demonstrated the potential use of nanoemulgel and micro-
emulgel for topical drug delivery. These formulations have shown enhanced skin per-
meations and thus improved drug bioavailability. In addition, nanoemulgel and mi-
croemulgel have been successfully used to deliver skin care active ingredients (such
as antioxidants [14], antiaging [15], and skin whitening [16]) into the deep skin layer
with improved long-term outcomes. Nanoemulgel and microemulgel have also been
shown to enhance the stability of the active ingredients and protect them against en-
zymatic degradation [17].

Advantages of using ME/NE in topical gel formulation:

—  Better formulation stability: Microemulgel and nanoemulgel are thermodynami-
cally stable, enhancing API stability over time and providing an extended shelf-
life.
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— Improved skin permeation: Due to their small droplet size, nanoemulgel enhan-
ces drug penetration by overcoming the stratum corneum’s natural barrier.

— Enhanced patient experience: Gel-based formulations with micro/nano emulgel
offer superior aesthetics, ease of application, and improved patient compliance.
Their lightweight, nongreasy textures make them ideal for cosmetics and derma-
tological applications.

—  Controlled release: When incorporated into gel systems, micro/nano emulgel ena-
bles sustained release of active ingredients, thus prolonging the formulation’s
therapeutic effect.

In addition to topical drug delivery, nanoemulgel can be used for transdermal drug
delivery [18]. Transdermal drug delivery has many advantages (as shown in Figure 1),
such as avoiding first-pass metabolism, controlled drug delivery, fewer side effects,
ease of administration, and improved patient compliance [6]. Studies have shown that
nanoemulgel has been used for transdermal drug delivery of anti-inflammatory
agents [19], statins [18], antineoplastic [20, 21], NSAIDs [22], caffeine [23], as well as
anti-cancer vaccines [24].

In this chapter, we will explore the latest innovations in the formulation of ME/
NE specifically for topical and transdermal gel applications, with a focus on their chal-
lenges, manufacturing, advances, applications for various skin-related and systemic

Table 7.1: Primary differences between microemulgel and nanoemulgel.

Feature Nanoemulgel Microemulgel

Droplet size  Typically <100 nm 100-500 nm

Skin Deeper penetration into skin layers, Limited to upper skin layers (more

penetration  including the dermis superficial)

Stability Often more kinetically stable, less prone to  Thermodynamically stable but may need
coalescence stabilizers to prevent separation

Preparation  High-energy methods like ultrasonication ~ Low-energy methods, such as spontaneous

method and homogenization emulsification

Drug release  Typically, extended drug release Immediate or modified drug release
Application Topical and transdermal drug delivery Topical drug delivery

focus

Examples of  Hormone delivery, NSAIDs, Antiaging, anti-fungal, and anti-microbial
use Anti-cancer

Cost of Higher cost due to more complicated Cost-effective

production manufacturing process
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Gelling agent
Dispersed droplets(o/w)
—
Nano/
Microemulsion Nano/
Microemulgel

- Enhanced skin permeation
and drug retention

- Avoid first-pass metabolism

- Improve drug solubility and
bioavailability

- Controlled-drug release

Figure 7.1: Diagram showing nano/microemulgel formulation and their advantages for topical and
transdermal. Image generated using BioRender.

conditions, and their role in improving the efficacy of both pharmaceutical and cos-
metic products.

7.2 Formulation advances in micro/nano emuilgel

Recent advances in micro- and nano-emulgel formulations have helped develop sev-
eral novel topical cosmetic and transdermal pharmaceutical products. The current
goal is to formulate a product with enhanced skin penetration, better drug stability,
higher efficacy, lower side effects, and improved patient satisfaction. This section in-
troduces the components of emulgel with emphasis on the advances in formulation
techniques, selection of each excipient and their outcomes, and stabilization strat-
egies.
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7.2.1 Components of micro/nano emuigel

Generally, micro- and nano-emulgels are formed of aqueous phase, oily phase, surfac-
tants, and cosurfactants. In addition, the formulation of emulgel requires gelling
agents and other additives such as antioxidants, preservatives, stabilizers, and humec-
tants.

7.2.1.1 Aqueous phase

Purified water is usually used as an aqueous phase in preparing nano/microemulgel.

7.2.1.2 Oily phase

The selection of oil plays a crucial step in the preparation of emulgel. The type of
emulsion (nanoemulgel or microemulgel), the intended application, and the physico-
chemical properties of the active ingredient(s) influence the selection of the oil. The
oil with the highest drug solubility and compatibility is preferred for lipophilic active
ingredients. In addition, the type and quantity of the oil phase determine the viscosity,
permeability, drug release, and stability of the final emulgel product [25]. Oils can be
naturally derived (plant or animal), such as sesame oil or, jojoba oil, or can be syn-
thetic [26]. Oils are broadly classified into long-chain triglycerides (LCT), medium-
chain triglycerides (MCT), and short-chain triglycerides (SCT). LCTs comprise fatty
acids with 13 or more carbon atoms [27]. Most of the natural oils used in the produc-
tion of emulgel are composed of LCTs, which provide controlled drug release and
high emollient properties [28]. Examples of LCTs are sunflower, jojoba, castor, and
Emu oil. MCTs are composed of fatty acids with chain lengths of 6-12 carbon atoms
[29]. Due to their lower molecular weight, MCTs are less dense than LCTs, offering
deeper skin penetration and less greasy products. Examples of MCTs are caprylic and
capric triglycerides [4]. SCTs are not used in the preparation of emulgel due to their
lightweight and volatile properties. In addition, SCTs have lower skin penetration and
emollient properties, making them unsuitable for topical application [30]. Other non-
classified oils used in emulgel are isopropyl myristate and mineral oil, which are syn-
thetic oils. Researchers are more interested in using natural oils due to their biocompat-
ibility, biodegradability, and natural medicinal benefits that provide a pharmacological
effect for treating various skin disorders. For instance, oleic acid is frequently used in
the preparation of emulgel due to its antioxidant effect, biocompatibility, biodegradabil-
ity, and enhanced absorption and permeation through the skin [4, 31]. Table 7.2 shows
examples of oil used in emulgel formulations.
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7.2.1.3 Surfactants and cosurfactants

Surfactants are surface active agents that are amphiphilic, which can be absorbed in
the oil-water interface, forming a barrier that protects the emulsion from coalescence
[32]. Using surfactants and cosurfactants is essential to stabilize emulgel formulation
by reducing the interfacial tension between the hydrophobic and hydrophilic phases.
Surfactants lead to the formation of stable emulsion by aligning at the interface with
their hydrophobic tail in the oil and hydrophilic head in water. Surfactants can be
classified into ionic (cationic, anionic, or zwitterionic) and nonionic surfactants based
on their surface charge. The selection of the optimum surfactants depends on their
hydrophilic-lipophilic balance (HLB) and emulsion type. Typically, surfactants with
high HLB (>8), such as spans and tweens, are hydrophilic and prefer water as the ex-
ternal phase, thus yielding o/w emulsions, whereas surfactants with low HLB (<8) are
lipophilic and result in the formation of w/o emulsions [33].

Since the formulation of nanoemulgel requires the formation of small-size drop-
lets, surfactants with high HLB and sometimes two or more surfactants are needed to
achieve optimal stability [32]. On the other hand, surfactants with lower HLB can be
used to prepare microemulgel, where their stability depends not only on the particle
size but also on thermodynamic factors [34]. A mixture of tween 20 and span 20 has
been used to prepare different emulgels [35-37]. This mixture has resulted in emulgels
with better stability than using either alone.

The toxicity profile of surfactants is an important factor as it may lead to skin
irritation. Toxicity will depend on the nature of the surfactant and the concentration
used. Ionic surfactants are less preferred for topical applications due to their toxicity
and non-biocompatibility compared to nonionic surfactants [4]. Biosurfactants, de-
rived from natural sources such as microbes or animals, are a safer alternative com-
pared to chemical surfactants due to their biodegradability and reduced toxicity [32].

Cosurfactants work synergistically with surfactants to reduce interfacial tension
and enhance emulsification. Cosurfactants increase the flexibility of the formed inter-
facial tension, leading to enhanced droplet formation. Cosurfactant can also be used
to reduce the droplet size, which is essential in the formulation of nanoemulgel. Alco-
hol-based cosurfactants are widely used for their ability to partition between oil and
water phases, thus improving their miscibility. Common cosurfactants are PEG-400,
carbitol, ethyl alcohol, and transcutol HP [4].

The selection of surfactants and cosurfactants and their concentrations is a cru-
cial step in emulgel formulation. Surfactants and cosurfactants affect the drug release
from the formulation, viscosity, emulgel’s spreadability, and emulgel absorption upon
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application. In addition, surfactants and cosurfactants must be compatible with the
gelling agent to prevent phase separation and coalescence.

In addition, the ratio of surfactant to oil impacts the droplet size of emulgel. As
the ratio increases, an increase in the droplet size can be observed. This could happen
due to excess free surfactant molecules that can form aggregates, leading to increased
droplet size [38]. Table 7.3 summarizes the most used surfactants and cosurfactants in
emulgel.

7.2.1.4 Gelling agent

Gelling agents are essential components in the formulation of emulgel, and they pro-
vide the required stability, structure, and texture for topical application. The unique
properties of emulsion and gel combined in emulgel formulation allow the dispersion
of hydrophilic and lipophilic ingredients within the gel matrix, providing better stabil-
ity and absorption of the active ingredients. Incorporating the gelling agent into the
emulsion system makes it thixotropic, that is, it transforms reversibly from a gel into
liquid upon application of shear stress [32].
The role of gelling agent in emulgel includes:

1. Controls formulation viscosity: The addition of a gelling agent transforms the for-
mulation from a liquid dosage form into a semisolid dosage form, which im-
proves topical application, absorption, and spreadability on the skin. It also pro-
vides a nongreasy texture, which enhances compliance.

2. Enhances emulsion stability: The increased viscosity of the emulsion allows better
dispersion of the emulsion droplets, which reduces coalescence, creaming, and
phase separation. This stabilization potentiates the extended shelf life of emulgel.

3. Provides extended drug release: The active ingredient is entrapped within the
formed three-dimensional hydrogel network formed by the gelling agent, which
provides extended drug release.

Gelling agents are classified into natural, synthetic, and semisynthetic. Each gelling
agent provides unique properties that make it suitable for a specific emulgel, whether
nanoemulgel or microemulgel, depending on the required viscosity, stability, and in-
tent of use [32]. Synthetic polymers, such as carbomers and Pluronic F127, are com-
monly used in emulgel formulation as they provide controlled viscosity and stability.
However, they can be sensitive to pH and ionic changes. Semisynthetic gelling agents
such as hydroxypropyl methylcellulose (HPMC) are biocompatible and easier to use in
various formulations, including nano/microemulgel. Natural polysaccharides, such as
xanthan gum and alginates, are prevalent for their natural origin and biodegradabil-
ity; however, they may present challenges in achieving consistent viscosity and are
susceptible to microbial degradation [60]. Table 7.4 presents examples of the com-
monly used gelling agents in emulgel formulation.
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The concentration of gelling agents could vary between nanoemulgel and micro-
emulgel — nanoemulgel could require a high concentration of gelling agents to
achieve better stability. In addition, it has been found that the concentration of gelling
agents inversely affects the extent of drug release. Emulgel, composed of HPMC as a
gelling agent, showed a better drug release rate compared to carbopol-containing
emulgels [36]. Furthermore, the combination of two gelling agents could enhance for-
mulation stability. It was found that a combination of carbopol and HPMC results in
better emulgel stability compared to individual gelling agents [61].

In summary, gelling agents are essential in controlling the stability and drug re-
lease of actives from emulgel formulations. Selecting the appropriate gelling agent
and their concentration depends on identifying formulation type, stability, active in-
gredient compatibility, and desired release profile.

7.2.1.5 Other additives

7.2.1.5.1 Penetration enhancers

Although nanoemulgel and microemulgel formulations do not require the use of pen-
etration enhancers due to their small droplet size that can penetrate the skin barrier,
the use of penetration enhancers could be encouraged based on the desired drug de-
livery site (topical or transdermal) and the physicochemical properties of the active
ingredients. For example, some active ingredients could still have limited skin perme-
ation and require penetration enhancers due to their molecular size, solubility, or po-
larities. On the other hand, microemulgel could benefit from penetration enhancers
due to their relatively large droplet size compared to nanoemulgel. Furthermore, pen-
etration enhancers can provide additional control on the drug release rate and assist
in transdermal drug delivery to maintain drug levels for an extended time, thereby
reducing the need for frequent dosing.

Despite this, penetration enhancers are not required if the active ingredient is
highly permeable or if the goal is to achieve topical drug delivery. Different types of
penetration enhancers can be used in emulgel preparation, such as clove oil, lecithin,
and menthol (5%) [68, 69]

7.2.1.5.2 Humectant

Humectants are added to retain moisture in emulgel formulations and reduce drying
at the application site. Examples of commonly used humectants include glycerin and
propylene glycol [70]. Algahtani et al. [71] explored the formulation of retinyl palmi-
tate-loaded nanoemulgel using the low-energy emulsification method. The nanoemul-
gel was prepared utilizing an oil mixture (Capex ®m355 and capriole 90, 1:2 ratio),
surfactant mixture (Kolliphor EL and Transcutol HP, 2:1 ratio), Carbopol 940 as a gel-
ling agent, and glycerin as a humectant. Glycerin provided a smooth texture for the
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formulation. Triethanolamine was used to adjust the formulation pH to 5.5 to reduce
skin irritation. Nanoemulgel formulation showed average droplet size <50 nm with
enhanced spreadability (1.32 cm?/g vs. 1.27 cm?/g), drug deposition in the skin (835.5
ug/cm? vs. 204.29 pg/em?), and cumulative drug permeated (417.30 pg vs. 219.33 ug) for
nanoemulgel vs. gel.

7.2.1.5.3 pH adjustment

The pH value of the emulgel formulation must be compatible with the skin pH (4.1-
5.8) to avoid any skin irritation upon application. The pH of emulgel preparations can
be adjusted using triethanolamine [72].

7.2.1.5.4 Preservatives

Preservatives are commonly used to protect emulgel formulation against microbial
degradation and enhance product stability [69]. Commonly used preservatives include
methylparaben, propylparaben, benzalkonium chloride, benzoic acid, and benzyl al-
cohol [72]. It is essential to consider any possible incompatibility between preserva-
tives and some gelling agents. For example, there has been reported incompatibility
between methylcellulose and methylparaben, propylparaben, butylparaben, and ce-
tylpyridinium chloride [72]. Furthermore, the concentration of the surfactant may af-
fect the performance of the preservative and reduce its effectiveness [73].

7.2.2 Advances in formulation techniques for nanoemuigel
and microemulgel preparation

Developing nanoemulgel and microemulgel formulations requires advanced techni-
ques that facilitate the production of nano- and micro-sized droplets, ensuring stable
and effective drug delivery. The preparation of emulgel includes three steps: (1) prep-
aration of NE/ME, (2) preparation of gel, and (3) mixing NE/ME and gel to obtain emul-
gel. The formulation techniques can be classified into high- and low-energy methods.
The high-energy methods include high-pressure homogenization, ultrasound, and mi-
crofluidization, while low-energy methods include self-emulsification and phase-
inversion. Generally, nanoemulsions require more energy input than microemulsions
to obtain small droplet sizes. The high energy is needed to produce a disruptive force
necessary to mechanically break the oil phase and increase the surface area between
the oil and aqueous phase to facilitate the formation of dispersed small and homoge-
nous droplets [6]. The droplet size achieved depends on the specific technique, the
processing conditions (like time and temperature), and the formulation composition.
Traditional NE/ME preparation starts with forming a pre-emulsion by mixing all
the ingredients. At this stage, devices like high-speed mixers (e.g., ultra-tax) are used
to create an initial dispersion, but their ability to reduce droplet size is limited, as
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much of the energy is lost in yielding heat and friction [74]. Therefore, additional
equipment like high-pressure homogenizers (HPHs) are often needed to further break
down the droplet size. HPHs push the pre-emulsion through narrow spaces at high
pressures, causing it to accelerate to speeds of around 300 m/s. This rapid flow ex-
poses the emulsion to intense cutting forces, impact, and cavitation, resulting in nano-
scale droplets [75, 76].

Ultrasound techniques have become more popular because they use less energy,
need fewer surfactants, and can create finer droplets than other methods. However,
high-energy processes are unsuitable for thermolabile active ingredients, like pepti-
des, proteins, or nucleic acids, potentially reducing their effectiveness. Low-energy
methods offer a viable alternative for emulsion production of such active ingre-
dients [76].

Low-energy techniques leverage the natural interactions among the NE/ME com-
ponents and only require simple agitation to form the emulsion structure. This ap-
proach cuts production costs and preserves the potency and stability of sensitive
drugs due to the mild processing conditions. Additionally, these methods use non-
toxic, nonirritating components, making the emulsions safe for therapeutic use [77].

7.2.2.1 High-pressure homogenization (HPH)

The high-pressure homogenization method is widely used in developing both NEs and
MEs. HPH is effective in reducing droplet particle size through the production of high-
pressure forces. The process includes passing the oil and water mixture through a
narrow inlet orifice at extremely high pressures (up to 5,000 psi). The high pressure
generates intense shear forces and cavitation, breaking down the droplet size to
nano- or microscale [65]. This directly correlates with the applied pressure, homogeni-
zation cycles, and droplet particle size. Floury et al. reported that the HPH method
affects the viscosity of the emulsion and converts it from sheat-thinning to a Newto-
nian system. There is a significant drop in the viscosity as the homogenization pres-
sure increases [78]. Although this method requires high energy consumption and pro-
duction and is unsuitable for thermolabile active ingredients, HPH effectively produces
an emulgel with uniform particle distribution. In addition, it is ideal for industrial appli-
cations as it is easy to scale up (Khan et al. [22] reported the formulation of nanoemulgel
for the topical delivery of curcumin using the HPH technique. The formulated nanoe-
mulgel showed optimum thermodynamic stability, enhanced skin penetration, and sta-
bility due to its small droplet size.
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7.2.2.2 Ultrasonication

The ultrasonication method depends on exposure of coarse emulsion to ultrasonic
waves, which results in cavitation forces, known as acoustic cavitation, that break the
emulsion droplets into nanosized droplets [65]. Cavitation involves the creation and
expansion of tiny bubbles that subsequently collapse, triggered by pressure variations
from ultrasonic waves. When these bubbles collapse, they generate intense turbu-
lence, which breaks the oil and aqueous phases into tiny, nano-sized droplets. This
method uses ultrasonicators, and the particle size can be controlled by adjusting the
energy input and sonication time [79]. Ultrasonication is a better alternative for HPH
regarding cleaning, cost, and operation. It is more suitable for experimental formula-
tions rather than manufacturing [80].

7.2.2.3 Microfluidization

The microfluidization technique depends on using a microfluidizer device consisting
of microchannels. The emulsion is forced through the microchannels under high pres-
sure (up to 20,00 psi), resulting in particle collision and reduction to nano-or micro-
sized droplets through shearing and cavitation forces [79]. The microfluidization
method results in the formulation of NE/ME with uniform particle size distribution
compared to other methods, such as HPH. This technique is preferred for nanoemul-
gel development as it could achieve small droplet sizes with narrow particle size dis-
tribution. In addition, low surfactant concentration can be used to prepare nano/mi-
croemulsion formulations. Several studies have reported using the microfluidization
technique to formulate nanoemulgel and microemulgel, showing promising results
[10, 81-83].

7.2.2.4 Phase inversion emulsification method

In this technique, the change in the surfactant’s spontaneous curvature leads to a
phase shift during emulsification. Adjustments in factors like temperature or compo-
sition can alter the surfactant’s curvature. There are two main phase inversion meth-
ods: transitional phase inversion (TPI), which includes phase inversion temperature
(PIT) and phase inversion composition (PIC), and catastrophic phase inversion (CPI),
which includes emulsion inversion point (EIP) [84].

TPI inversion happens when changes in temperature or composition shift the sur-
factant’s natural curvature or affinity. On the other hand, CPI occurs when the dis-
persed phase is gradually added until its droplets connect to form a continuous or
lamellar structure. A sudden system change characterizes catastrophic phase inver-
sion due to shifting conditions. For CPI to occur, most surfactants must be present in
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the dispersed phase, leading to unstable emulsion, high coalescence rates, and rapid
phase inversion. The surfactant’s curvature or affinity changes in TPI, whereas these
properties remain constant in CPL. Nonionic surfactants, such as polyethoxylated sur-
factants, are commonly used in all phase inversion methods. In PIT, the gradual in-
crease in temperature of o/w emulsion until it exceeds phase inversion temperature
leads to dehydration of the surfactant, making it more lipophilic and resulting in
phase inversion (w/o emulsion). Upon rapid cooling, a stable NE/ME is formed [79].

In PIC, the system composition is altered rather than the system temperature. The
PIC method is similar to the PIT method; however, in PIC, phase inversion is achieved
by changing the system composition rather than the system temperature [85]. Similar
to PIT, nonionic surfactant and oil are mixed, and then water is gradually added. At
equilibrium, the spontaneous curvature of the surfactant will change to zero. Further
addition of water will result in a change of the surfactant curvature from zero to high
positive, which leads to phase inversion and the formation of nanosized droplets.
Other examples of PIC include changing system pH and adding salt [85].

Catastrophic phase inversion includes an emulsion inversion point, whereas the
inversion is induced by changing the dispersion phase fraction volume rather than
changing the properties of the surfactant. The concept depends on initially creating
an unstable emulsion by dissolving the surfactant in the dispersed phase. This is
against Bancroft’s rule, which states that the surfactant must be present in the contin-
uous phase to obtain a stable emulsion. This results in high coalescence and rapid
phase inversion once the water amount exceeds the critical water content, which in-
verts w/o into o/w nanoemulsion or microemulsion. The size of the formed droplet
will depend on the water addition rate and agitation speed [79, 86].

The phase inversion method depends on a low-energy approach suitable for sen-
sitive active ingredients. It is commonly used to prepare microemulgel and nanoemul-
gel; however, the resulting droplet size formulated by PI is usually larger than that of
other methods, such as HPH or ultrasonication.

7.2.2.5 Spontaneous emulsification

The most advantageous low-energy approach for NE/ME formulations is spontaneous
emulsification, wherein the components are typically combined with minimal me-
chanical input, relying on manual mixing or gentle low-energy mixers, such as me-
chanical stirring or vortexing. This process is effective only when components are se-
lected and proportioned precisely; the oils, surfactants, and cosurfactants must be
fully miscible, and sufficiently high concentrations of surfactants/cosurfactants are es-
sential to enhance formulation stability and homogeneity and achieve minimal drop-
let sizes [87].

Spontaneous emulsification relies on the chemical energy released during dilu-
tion with the continuous phase, maintaining a constant temperature and avoiding
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any phase transition within the system. This method enables NE/ME formation at am-
bient conditions without specialized equipment. In this mechanism, an oil phase con-
taining a hydrophilic surfactant and active ingredient is added to the aqueous phase,
where oil droplets promptly form due to the movement of water-dispersible materials
from the oil to the aqueous phase, facilitating spontaneous droplet formation [88].

Ahmad et al. [89] reported the formulation of a topical anticancer drug in the
form of nanoemulgel for targeted drug delivery for skin cancer treatment. Using the
spontaneous emulsification method, a nanoemulsion containing 5-fluorouracil was
prepared using castor oil (oil, 40%), Transcutol HP (surfactant, 27%), and polyethylene
glycol (PEG)-400 (cosurfactant, 13%) Optimized formulation was mixed with Carbo-
pol® to prepare nanoemulgel. The prepared formulation showed homogenous parti-
cle size distribution with average droplet size ranging between 66.97 nm and
206.45 nm, good stability for 90 days at refrigerator temperature with no significant
changes in physicochemical properties, and sustained drug release over 24 h.

7.3 Characterization of nanoemulgel
and microemulgel formulations

Characterizing nanoemulgels and microemulgels is essential for evaluating their
physicochemical properties, performance, safety, and stability, which are crucial for
optimizing their efficacy as a drug delivery system. These characterizations involve
various analytical, physicochemical, and functional assessments. Below is a detailed
exploration of their properties and the corresponding evaluation techniques.

7.3.1 Visual inspection

Emulgel formulations are visually evaluated for their appearance, homogeneity, and
color. This test is essential to record any instability and phase separation reflected in
a change of appearance [68].

7.3.2 Particle size and size distribution

Measuring the droplet size and polydispersity index (PDI) of nanoemulgel and micro-
emulgel systems is an essential characterization as they determine their stability,
drug release kinetics, and penetration efficiency. Particle size and PDI are commonly
measured using Zetasizer. A sample is dissolved in purified water with agitation until
a homogeneous dispersion is formed. The sample is then injected into the photocell of
Zetasizer. Nanoemulgels typically exhibit droplet sizes <200 nm, while microemulgels
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range from 200 nm to several microns. A low PDI (<0.3) indicates uniform particle dis-
tribution and stability. The smaller the droplet sizes, the better skin penetration and
drug release, while a narrow size distribution minimizes the risk of phase separation
and indicates better stability [90].

7.3.3 Zeta potential

Zeta potential is an indicator of the surface charge of droplets, which affects the phys-
ical stability of the system by preventing coalescence. As the zeta potential increases,
the repulsion between the globules increases, resulting in better formulation stability.
Zeta potential can also be measured using Zetasizer [91].

7.3.4 Viscosity and rheology

The viscosity and flow behavior of nanoemulgels and microemulgels are vital for en-
suring proper application consistency and adherence to the skin or mucosal surfaces.
Studying the rheological behavior of the emulgel is essential to understanding the in-
fluence of the selected components, such as oils, surfactants, and gelling agents, and
their concentration on the viscoelastic properties. In addition, the viscosity and flow
properties affect the formulation stability and drug release. The viscosity of the for-
mulation will affect the skin contact time/residence time. The higher the viscosity of
the emulgel within the optimum range of its spreadability, the better the contact time.
If the emulgel shows shear-thinning behavior, it tends to create a thin layer on the
skin surface, enhancing permeation and absorption. If plastic flow is observed, other
parameters such as yield stress and flow index should be evaluated, which provide a
better understanding of the formulation’s structural integrity. The viscosity of the
emulgel could be measured by Brookfield viscometer at different shear rates at room
temperature [92].

7.3.5 Thermodynamic stability studies

Thermal and mechanical stresses are applied to evaluate the physical stability of
emulgel under extreme conditions. This includes centrifugation tests, heating-cooling
cycles, freeze-thaw cycles, and phase separation tests. Any physical change, including
changes in clarity, coagulation, precipitation of drug, color change), drug content, and
pH are recorded. Centrifugation test is performed by centrifuging the formulation at
3,000-5,000 rpm for 30 mins. The heating—cooling cycle test is conducted by storing
the emulgel at 4° to 45 °C. For freeze-thaw cycles, test tubes filled with the nano/mi-
croemulgel are sealed and vertically stored for 16 h in a freezer at -21 °C and then for
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8 h at room temperature (25 °C) [31]. Phase separation test is done by adding 0.1 N
HCl, pH 7.4 buffer (phosphate), and water, respectively. Lack of phase separation,
creaming, or coalescence indicates robust stability [93].

Visual inspection is carried out, and grading of the formulation is as follows:

A Grade: Rapid formation of clear nano/microemulgel

B Grade: Rapid formation of slightly bluish nano/microemulgel

C Grade: Slow formation of turbid nano/microemulgel

D Grade: Slow formation of dull, grayish turbid nano/microemulgel

E Grade: Formation of turbid nano/microemulgel presenting the oil globules on

their surface

7.3.6 Drug content and encapsulation efficiency

Measuring drug loading and encapsulation efficiency is essential to ensure that the
prepared formulation contains the desired therapeutic dose and is consistent among
all formulations. A sample of the emulgel formulations is weighted and dissolved in a
suitable solvent (based on API solubility), such as phosphate buffer of pH 6, ethanol,
or methanol, by sonication. The solution is then diluted and filtered through 0.45-mm
membrane filters. The absorbance is measured at the optimum wavelength using a
UV-visible spectrophotometer [91]:

Drug content = (Concentration x Dilution factor x Volume taken) x (Conversion factor)

7.3.7 In vitro drug release

Extended drug release is a characteristic feature of nanoemulgel and microemulgel
systems. The in vitro release testing of emulgel formulations is critical to elucidate the
system’s drug release kinetics and overall performance. This study is typically exe-
cuted utilizing a dialysis bag or modified Franz diffusion cell composed of a donor
and a receptor compartment. A dialysis membrane, preconditioned in a phosphate
buffer of pH 7.4 and possessing a surface area of 2.5 cm? separates these compart-
ments. The membrane is secured over the donor compartment, where the emulgel
formulation (approximately 500 mg) is uniformly applied.

The receptor compartment is filled with freshly prepared phosphate buffer (pH
7.4) and supplemented with a magnetic stirring bead to ensure uniform mixing. The
system is maintained at a physiological temperature of 37 + 0.5 °C, with constant agita-
tion at 50 rpm to simulate in vivo conditions. At predetermined time intervals, ali-
quots of 1 mL are withdrawn from the receptor compartment for analysis, ensuring
the volume is immediately replenished with an equal quantity of fresh buffer to main-
tain sink conditions.
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The withdrawn samples are evaluated using UV-spectrophotometric analysis at
the predetermined wavelength, and the cumulative percentage of drug release is
quantified over time. This test provides an approach for studying the release behavior
and optimizing the formulation for enhanced therapeutic efficacy [91].

The release data is fitted into zero-order, first-order, Higuchi, or Korsmeyer—Peppas
models to determine the release mechanism. Nanoemulgels often demonstrate extended
release due to their small droplet size and gel matrix.

7.3.8 Skin permeation studies

Permeation efficiency is critical for topical and transdermal applications that control
formulation performance and efficiency. Ex vivo permeation studies are indispens-
able for evaluating the topical and transdermal delivery efficiency of emulgel formu-
lations. These experiments commonly use freshly excised full-thickness skin from al-
bino rats, typically weighing 200-250 g and aged 10-12 weeks. The excised skin is
meticulously inspected to ensure its surface is devoid of any irregularities or damage,
followed by thorough washing with physiological saline buffer to remove residual im-
purities. The permeation study uses Keshary-Chien or Franz diffusion cells to simulate
the skin’s barrier function during drug permeation analysis. The excised skin is care-
fully mounted between the donor and receptor compartments, with the stratum cor-
neum side facing the donor compartment. The receptor compartment is maintained
at 37+1 °C and continuously stirred to mimic physiological conditions. The donor
compartment, representing the epidermal surface, is loaded with the emulgel formu-
lation. An equivalent volume of freshly prepared buffer is replenished into the recep-
tor compartment at predetermined intervals to maintain sink conditions. Simulta-
neously, 3-mL aliquots are withdrawn from the receptor compartment for analysis,
ensuring consistency in the diffusion medium. The collected samples are analyzed to
determine the cumulative amount of drug permeated through the skin over time. This
data provides critical insights into the formulation’s drug release and permeation ki-
netics, enabling optimization for enhanced therapeutic efficacy and targeted delivery.
Permeation parameters such as flux (J), permeability coefficient (Kp), and lag time are
calculated to evaluate skin transport efficiency [91].

To determine the percent drug retention in the skin (skin retention), the skin is
removed from the Franz cells, washed thoroughly, and cut into small pieces. The
small skin pieces are immersed in methanol overnight to extract any remaining drug
from the skin layers. The methanol is filtered and analyzed for the drug contents [94].
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7.3.9 Morphological analysis

Visualizing the structural properties of droplets within the gel matrix provides in-
sights into emulsion uniformity and stability. The morphology of emulgel can vary
based on the manufacturing techniques and the gelling agent used [95]. Porous and
core-shell structures have been reported in emulgel formulations. Transmission elec-
tron microscopy (TEM) and scanning electron microscopy (SEM) are commonly used.
TEM confirms the nano-scale size of droplets, while SEM evaluates the gel surface mor-
phology. Spherical droplets and homogenous dispersion indicate a well-formulated
System.

7.3.10 pH measurement

The formulation’s pH must be compatible with the skin or application site to avoid
irritation. A 1% aqueous dispersion of emulgel is prepared, and the pH is measured
using a pH meter [96]. For topical applications, a pH close to the skin’s natural pH
(4.1-5.8) is preferred [97]. Changes in pH can also influence formulation stability.

7.3.11 Stability studies

Long-term stability ensures the formulation remains effective over its intended shelf
life. Stability studies for optimized formulations are carried out according to the Inter-
national Council for Harmonization (ICH) guidelines, which involve storing formula-
tions in collapsible aluminum tubes at various temperatures and humidity for
3 months (5°, 25°/60% RH, 30°/65% RH, and 40°/75% RH). Parameters such as droplet
size, PDI, viscosity, and drug content are monitored over one, two, and three
months [70].

7.3.12 Spreadability

Spreadability is the ability of the emulgel to spread uniformly over the skin or muco-
sal surfaces when applied with minimal force. It is determined by the formulation’s
rheological properties and the type of gel base. Emulgel with high viscosity shows
lower spreadability. Formulation with shear-thinning behavior exhibits better spread-
ability. In addition, the higher the oil content, the lesser spreadability is observed.
Furthermore, the type of gelling agent (e.g., carbomers and cellulose derivatives)
and its cross-linking density significantly influence the ease of spreading. Spreadabil-
ity is a crucial parameter in the characterization of nanoemulgel and microemulgel
formulations, as it directly affects the ease of application, uniformity of drug distribu-
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tion, and patient compliance. Optimal spreadability ensures that the formulation can
cover the target area evenly without requiring excessive effort or leaving residues.
Spreadability can be assessed using the sliding plate method. A pre-weighed sample
of the emulgel is placed between two glass plates. A fixed weight is applied to the
upper plate, and the formulation can spread for 5 min. The top plate is pulled out
using an 80-g force. The time required by the top slide to cover a distance of 7.5 cm is
recorded. A shorter time and larger spread diameter indicate better spreadability.
The diameter of the spread area is measured:

Spreadability (S): 1#

where M is the weight in grams attached to the top surface, T is the time in minutes
required for complete separation, and L is the length of the glass slides.

Optimization strategies, such as optimizing gelling concentration, selecting a sur-
factant, and adding glycerin, could enhance spreadability.

7.3.13 Skin irritation test

The biosafety and nontoxicity of nano- and microemulgels are critical for their suc-
cessful application in topical and transdermal applications. These systems must be
safe for human skin and underlying tissues without causing irritation, allergic reac-
tions, or cytotoxicity. Skin irritation tests are usually conducted to evaluate their
safety profile.

The test is conducted on small animals such as albino rats or guinea pigs. Hairs
from the dorsal surface of rats are shaved, and a pre-weighed amount of emulgel is
applied. The formulation is applied for 3 min, one hour, and four hours on the skin
and covered with cotton gauze in compliance with Guidelines Test No. 404 (OECD).
Animals are observed for 14 days following patch removal, and any signs of erythema
or edema are recorded. If two or more rats out of eight showed any signs of skin irri-
tation, the formulation is deemed ineffective [70].

7.3.14 Extrudability

Extrudability is essential to evaluate the ease of application of the emulgel formula-
tion from its package. The formulation viscosity and rheological properties under ap-
plied pressure also control the extrudability of the emulgel. This test is essential to
ensure product consistency and user convenience.

The extrudability test involves filling an aluminum collapsible tube with the
emulgel formulation, ensuring the material reaches the crimped end of the tube. The



Chapter 7 Cutting-edge innovations =— 233

tube is then sealed with its cap, and a predetermined weight (measured in grams) is
applied externally to exert pressure on the tube. After removing the cap, the force
required to extrude the formulation is recorded by measuring the length of the emul-
gel ribbon extruded within a specific time frame, typically 0.5 cm in 10 s. The recorded
extrusion force, expressed in grams, is a quantitative measure of the formulation’s
extrudability [91].

Extrudability is calculated as follows:

Extrudability = weight applied to emulgel extrusion from tube (gm) /area (cmz)

7.4 Applications of micro/nanoemulsions in topical
and transdermal gels

Nanoemulgels and microemulgels are advanced delivery systems that have gained in-
sight into the pharmaceutical industry due to their unique properties. They combine
the benefits of emulsions, gels, and nanotechnology. They are versatile platforms that
enhance the bioavailability, stability, topical application, and extended release of ther-
apeutic agents. Table 7.5 summarizes recent advances for emulgel in the pharmaceuti-
cal industry and cosmetic applications. Additionally, Table 7.6 provides emulgel-based
marketed formulations.

7.4.1 Topical and dermatological applications

Nanoemulgels and microemulgels are extensively used to deliver drugs targeting skin
conditions. Their ability to incorporate high lipophilic drugs and provide nongreasy,
easy-to-spread gel formulations make them ideal treatment choices for skin conditions
such as psoriasis, eczema, and acne. Nanoemulgels enhance drug permeation through
the stratum corneum, enabling better dermal and transdermal drug deposition. Emul-
gel can be used to deliver antimicrobial agents such as clindamycin for the treatment of
acne [98], anti-inflammatory drugs such as diclofenac for arthritis and localized pain
relief [99], or even delivery of 5-fluorouracil for non-melanoma skin cancers [100].

7.4.2 Transdermal drug delivery

Emulgel can also be employed for transdermal drug delivery, enabling systemic ab-
sorption of drugs through the skin. Transdermal drug delivery provides many advan-
tages, such as avoiding first-pass metabolism, decreasing systemic side effects, provid-
ing extended drug release, and allowing smaller drug doses. The small droplet size
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enhances the permeation of drugs like analgesics, hormones, and cardiovascular
drugs. For example, emulgel can be used in hormonal therapies such as transdermal
delivery of estradiol or testosterone for hormone replacement therapy. In addition,
emulgel can be used for transdermal drug delivery of analgesics such fentanyl or ibu-
profen for pain management [101, 102].

7.4.3 Cosmeceutical applications

Both nanoemulgels and microemulgels have been increasingly incorporated into cos-
metics to deliver active ingredients such as vitamins, peptides, and herbal extracts.
They enhance skin hydration, elasticity, and the penetration of antiaging and skin-
lightening agents. For example, emulgels have been used to deliver vitamins C and E
to combat oxidative stress and whitening agents [103].

Kim et al. reported enhanced solubility, skin deposition, and permeation of a mi-
croemulsion-based hydrogel formulation containing 20(S)-protopanaxadiol [59]. 20(S)-
Protopanaxadiol (PPD) can be used as antiaging, but due to its hydrophobic properties
and high molecular weight, it is challenging for topical drug delivery. The microemul-
sion-based hydrogel was composed of Capmul oil, a mixture of Labrasol and Tween
20 as a surfactant mixture, and Transcutol as cosurfactant, carbapol 941 as a gelling
agent; the developed formulation demonstrated enhanced penetration of PPD into the
skin compared to standard formulations. Characterization showed appropriate pH,
viscosity, and droplet size, ensuring compatibility with the skin. In vitro and in vivo
deposition showed improved PPD deposition in both the epidermis and dermis in ani-
mal studies. No significant irritation or adverse effects were observed, indicating the
formulation’s safety. Incorporating PPD into emulgel offered improved stability, con-
trolled release, and increased bioavailability, making it suitable for treating skin-
related conditions.

7.4.4 Wound healing and tissue regeneration

Nanoemulgels with encapsulated bioactive compounds or growth factors promote
wound healing and tissue regeneration. Their biocompatible and hydrating properties
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Table 7.6: List of marketed formulations.

Brand Active ingredient Uses Manufacturer

Voltaren Diclofenac Analgesic and anti- Novartis
inflammatory

Diclomax Diclofenac sodium Analgesic and anti- Torrent Pharmaceuticals Ltd
inflammatory

Avindo gel Azithromycin Antibacterial Adcock Ingram Healthcare

Pvt. Ltd.

Isofen emulgel Ibuprofen Analgesic and anti- Beit Jala Pharm.
inflammatory

Benzolait Benzoyl peroxide For acne RoyaDermal

emulgel

Miconaz H Miconazole nitrate + Antifungal Medical Union

emulgel hydrocortisone Antibacterial Pharmaceuticals

Anti-inflammatory

Dermafeet Urea For dry skin with Herbitas
emulgel hyperkeratosis

make them ideal for chronic wounds and burns. Silver nanoparticles have been incor-
porated into emulgel for antimicrobial activity in wound care [104].

Emulgel can be used in wound healing, such as those caused by S aureus. A nano-
emulgel containing simvastatin was developed using a high-shear homogenization
method. The nanomulgel showed enhanced antibacterial efficiency in vivo compared
to the drug solution and high stability for 72 days [38].

7.5 Technological challenges and innovations
in topical emulgels

Emulgel has emerged as a novel drug delivery platform, combining the properties of
emulsions and gels to create versatile formulations for dermatological and transder-
mal applications. However, the development of emulgels involves overcoming a series
of technological challenges and exploring new techniques to enhance drug efficacy
and user acceptability.
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7.5.1 Formulation challenges
7.5.1.1 Stability concerns

One of the primary challenges in emulgel formulations is ensuring physical and chem-
ical stability. Some problems associated with emulsion formulation include phase sep-
aration, creaming, coalescence, and Ostwald ripening. When an emulsion is inte-
grated into a gel matrix to form an emulgel, these challenges are combined with
maintaining formulation homogeneity and consistency over time. Stabilizers like hy-
drophilic polymers as carbomers can maintain gel integrity and overcome emulsion
instability. Additionally, smaller and more stable emulsion droplets can be prepared
using ultrasonic emulsification or homogenization techniques. Furthermore, includ-
ing liposomes or solid lipid nanoparticles within the gel matrix could enhance the
emulsion stability by isolating the emulsion phase [111].

It is important to take into consideration that the formulation and stability of
emulgel are also influenced by different parameters, including the HLB value, solubil-
ity profiles of the oil and aqueous phases, emulsifier concentration, production tem-
perature, mechanical agitation, and incorporation of specific additives. These consid-
erations become even more critical during the scale-up process, transitioning the
formulation from laboratory scale to commercial production. Key factors for success-
ful scale-up include the meticulous selection of raw materials, solvents, production
methodologies, and cost-effective approaches, ensuring the final product aligns with
patient acceptability and regulatory standards.

Additionally, rigorous stability testing in compliance with International Council
for Harmonization (ICH) Q1 guidelines is mandatory. Such assessments confirm the
active pharmaceutical ingredient (API) retains its potency and efficacy under different
storage conditions. Compatibility studies between excipients are crucial to maintain-
ing formulation integrity and consistent performance throughout its shelf life [112].

7.5.1.2 High-energy methods unsuitable for thermolabile drugs

Many drugs, such as vitamins or proteins, are thermolabile and cannot withstand ele-
vated temperatures associated with high-energy emulsification methods. Thus, low-
energy methods like spontaneous emulsification or phase inversion are adopted to
minimize thermal exposure. These techniques rely on carefully selecting surfactants
and cosurfactants to facilitate emulsification under mild conditions. In addition, the
cost of specialized emulsification equipment may hinder the scalability of emulgel
production.
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7.5.1.3 Skin irritation

Although emulgel can cause less skin irritation than conventional topical formula-
tions, using some emulsifiers and penetration enhancers can cause skin irritation at
high concentrations. Thus, proper selection of the emulgel components and testing for
any possible skin sensitivity are essential in the development of emulgel. Biocompati-
ble penetration enhancers like phospholipids or natural oils are encouraged to mini-
mize skin irritation. In addition, natural emulsifiers like lecithin can be used to re-
duce adverse reactions [91].

7.5.1.4 Sensory properties

Topical formulations must balance efficacy with patient compliance, which is affected
by smooth application and spreadability. An emulgel must feel nongreasy, absorb
quickly, and leave minimal residue while delivering active ingredients effectively.
Achieving a balance between oil content for solubilization and a gel structure that
provides a light, pleasant texture is sometimes challenging. Incorporating humectants
like glycerin enhances skin hydration without stickiness [113].

7.5.1.5 Long-term effect

The long-term effect of topical emulgel in treating chronic conditions is unknown.
This can be a significant concern during the development of emulgel. Thus, long-term
safety studies must be considered for clinical trials.

7.5.1.6 Risk assessment

The commercial risk assessment of emulgel formulations is critical to ensure product
quality, safety, and adherence to regulatory standards. A thorough evaluation of for-
mulation and process variables is essential, as these factors significantly impact the
formulation’s critical quality attributes (CQAs) and can potentially lead to product fail-
ure. Among the key considerations are the risks of skin irritation, inadequate viscos-
ity, poor stability, and suboptimal drug release profiles. These factors highlight the
importance of systematic risk analysis during product development.

Figure 7.2 represents the factors influencing emulgel formulation processes, pro-
viding a visual framework for understanding potential risks. Complementary qualita-
tive and quantitative risk assessment methodologies, such as relative risk-based ma-
trix assessments and failure mode effects analysis (FMEA), enable prioritizing critical
risk factors in the development process. These analyses lead to the identification of
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critical material attributes (CMAs) and critical process parameters (CPPs), which are
subsequently integrated into a design of experiments (DoE) framework [112].

Furthermore, optimization designs like Factorial, Central Composite, and Box-
Behnken are selected based on the complexity and number of identified critical pa-
rameters and attributes. By applying quality by design (QbD) principles, an optimized
emulgel product is developed, and a design space is established. This design space en-
sures the robustness of the manufacturing process and provides a safety margin
where troubleshooting can be applied without compromising product quality, facili-
tating regulatory approval.

The growing volume of patents filed in emulgel technology highlights its promise
as a versatile and innovative drug delivery platform [70, 111, 112]. This surge empha-
sizes the commercial viability of emulgels and reflects the significant advances in the
science behind the formulation, which is useful in both the pharmaceutical and cos-
meceutical industries.

7.6 Future trends in micro/nano emulsion-based
topical gels

The field of topical drug delivery is witnessing remarkable advancements with the de-
velopment of novel micro- and nanoemulgel, providing a platform for the next gener-
ation of formulations. These trends are evident in technological innovation, personal-
ized medicine approaches, and environmental sustainability efforts.

7.6.1 Smart formulations

One of the most promising innovations in emulsion-based topical gels is the develop-
ment of smart formulations. These systems are designed to actively respond to envi-
ronmental stimuli, such as pH, temperature, or oxidative stress, and achieve more tar-
geted and extended drug delivery [114]. Stimuli-responsive gels are under active
research, which releases active ingredients in response to conditions like inflamma-
tion reflected in pH changes or elevated local temperatures. For example, pH-
sensitive nanoemulgels for delivering anti-inflammatory drugs can be used on a lo-
cally inflamed dermal site with an acidic pH. Such smart formulations target drug de-
livery, enhancing drug efficacy and reducing systemic drug exposure [113, 115].
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7.6.2 Personalization of skincare

Personalized medicine extends into dermatology, including developing gels tailored
to individual skin types and conditions. Innovations in diagnostics and skin analysis
can guide the formulation of specific emulgels using micro- or nanoemulsions opti-
mized for unique therapeutic needs, such as acne-prone, sensitive, or aged skin. Per-
sonalized nanoemulsion-based gels containing active molecules like peptides or hya-
luronic acid are being explored to provide antiaging benefits based on individual skin
hydration levels [116].

Advances in nanotechnology and delivery systems, like nanoemulsions, allow tar-
geted and efficient cosmetic formulations, enhancing product stability and reducing
active ingredient dosages. These innovations merge cosmetics and pharmaceutical in-
dustries, particularly in antiaging products, and require strict safety evaluations due
to their structural impacts on the skin. While nanoemulsions promise sustainability
and efficacy, regulatory gaps, especially for cosmeceuticals, need more studies to en-
sure long-term safety for consumers and the environment [117].

7.6.3 Sustainability and green materials

The increasing global need for sustainability encourages the development of eco-
friendly emulsion-based gels. Biodegradable ingredients such as plant-derived surfac-
tants and natural polymers such as alginate, xanthan gum, and chitosan are being in-
corporated to reduce the environmental impact of formulations [118]. Furthermore,
green production methods such as solvent-free or low-energy manufacturing pro-
cesses, such as phase inversion temperature techniques, are employed to minimize
resource consumption and waste.

Furthermore, modern cosmetic consumers demand safe, effective, and environ-
mentally friendly products. Concerns about synthetic cosmetic ingredients’ long-term
ecological and health impact have pushed manufacturers toward eco-friendly practi-
ces, like using natural alternatives and conducting studies on nanoparticle safety.
Agencies like the EPA and European regulators emphasize sustainable development
and proactive research into ingredients’ effects on health and the environment.

7.6.4 Advanced therapeutics

Beyond conventional topical applications, micro- and nanoemulgels are being investi-
gated to deliver advanced therapeutic agents. Recent studies highlight the potential of
these formulations to deliver genetic materials, peptides, and proteins, enabling the
treatment of genetic disorders like epidermolysis bullosa or psoriasis. RNA-loaded
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nanoemulgels could offer noninvasive options for treating genetic skin abnormalities
by ensuring stability and effective skin penetration [119].

7.6.5 Hybrid systems

Combining micro- and nanoemulsion systems with other delivery technologies is a
promising area of research. Multifunctional systems such as hybrid gels incorporating
liposomes, dendrimers, or nanocapsules can simultaneously deliver multiple active
ingredients, catering to complex conditions such as diabetic ulcers or chronic derma-
titis [120]. These systems often show better stability under various environmental con-
ditions and provide synergistic effects for skin repair and regeneration.

7.6.6 Enhanced toxicological profiling

While nanoemulgels hold great potential, concerns about nanoparticle toxicity and
long-term effects on skin health persist. Comprehensive toxicological studies are
needed to assess the safety of novel surfactants, stabilizers, and drug molecules in
emulgels. Innovations are accompanied by efforts to establish standardized safety
protocols for micro- and nanoemulsion-based topical products.

7.6.7 Advances in characterization techniques

To facilitate the scale-up of emulgel formulations, developing ex vivo and in vivo cor-
relation models for topical emulgel systems is essential. This model will ease the path
for testing and approval of novel emulgel formulations. In addition, in vitro—in vivo
correlation (IVIVC) is cost-effective and provides insight into the medication’s effec-
tiveness in vivo. Furthermore, prediction-based software like GastroPlus can predict
in vivo performance and study the pharmacokinetics and pharmacodynamics of new
formulations [112].

In conclusion, the future of micro/nanoemulgel depends on developing smart
drug delivery, enhanced sustainability, and employing personalized medicine. With
continuous advancements in formulation science and production technologies, these
systems are expected to reshape the field of topical and transdermal therapeutics.
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Abstract: Micro- and nanoemulsions represent a significant advancement in the field
of drug delivery systems, offering enhanced bioavailability, stability, and targeted de-
livery of therapeutic agents. This chapter explores the clinical frontiers and regula-
tory status of micro/nanoemulsions, focusing on the evolving landscape of their devel-
opment, approval, and market access across different global regions. The first section
delves into the regulatory considerations, highlighting the regulatory pathways estab-
lished by key agencies such as the US FDA, EMA, and CDSCO, as well as the guidelines
for quality, safety, and efficacy assessments.

In the comparative analysis section, we explore efforts toward harmonizing regu-
latory standards, with a specific emphasis on the International Council for Harmoni-
zation (ICH) guidelines and their relevance to nanotechnology. Additionally, insights
into emerging regulatory frameworks for nanoformulations are provided, shedding
light on the future regulatory environment.

The chapter further discusses the latest innovations in formulation technologies,
the role of micro/nanoemulsions in precision and personalized medicine, and the po-
tential challenges facing their clinical and regulatory acceptance in the future. Finally,
perspectives on the future of micro/nanoemulsions in healthcare are presented, fol-
lowed by a conclusion that encapsulates the key themes of regulatory, clinical, and
technological advancements in this rapidly evolving field. This chapter aims to pro-
vide a comprehensive overview for researchers, clinicians, and regulatory bodies en-
gaged in the development and approval of micro/nanoemulsion-based products.
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8.1 Introduction

Over the past few years, micro/nanoemulsions have emerged as a groundbreaking
technology in the realm of drug delivery, significantly enhancing the bioavailability,
stability, and therapeutic efficacy of a wide range of hydrophilic and lipophilic drugs.
These submicron-sized emulsions are widely applicable, not only in pharmaceuticals
but also in the food and cosmetic industries, owing to their unique attributes, such as
enhanced solubility and controlled drug release [1-8].

Despite their promise, micro/nanoemulsions face significant hurdles in clinical
translation. Key challenges include stability and scalability issues, along with difficul-
ties in achieving consistent drug loading and release profiles. Additionally, patient
safety and tolerability remain crucial concerns, as the biological interactions of nano-
sized particles are complex and often unpredictable. The intricacies of formulation
and scale-up processes also pose considerable obstacles, making it necessary to ad-
dress these barriers through innovative approaches and robust quality control meas-
ures [9].

From a regulatory standpoint, navigating the path to clinical application is com-
plex, given that global regulatory agencies like the US FDA, EMA, and Indian authori-
ties have differing frameworks for assessing the safety and efficacy of nanoformula-
tions. Harmonization efforts among international regulatory bodies aim to bridge
these differences, but gaps remain, prolonging development timelines and complicat-
ing the approval of novel nanoemulsion-based therapeutics. Looking ahead, emerging
trends in micro/nanoemulsion technology are set to reshape the landscape of person-
alized medicine [10, 11]. This chapter provides a comparative analysis of these regula-
tory pathways, shedding light on the challenges the companies face when working
with inconsistent or evolving guidelines. Also, the ongoing efforts to establish harmo-
nized standards for quality, safety, and efficacy across regions are discussed. Through
the studies of approved products and an analysis of future challenges, the chapter
underscores the potential of micro/nanoemulsions in modern healthcare. The conclu-
sion emphasizes the need for regulatory alignment and continued innovation to un-
lock their full potential in clinical settings [12, 13].

8.2 Regulatory considerations and global
perspectives

If we consider broader perspectives and uses of micro/nanoemulsions, the regulatory
rules for these nano cargos are still in their infancy and are being formulated at
many stages by various regulatory organizations such as the USFDA and EMA. It is
anticipated that as the field of micro/nanoemulsion advances, manufacturers will
have access to clear, concise recommendations.



Chapter 8 Clinical frontiers and regulatory status of micro/nanoemulsions =—— 253

8.2.1 Regulatory pathways in different regions: US FDA, EMA,
India, etc

The translation of nanomedicines from laboratory-scale development to commercials-
cale manufacturing poses numerous challenges, encompassing concerns related to re-
producibility, scalability, pharmacodynamics, pharmacokinetics, process control,
biocompatibility, and nanotoxicity, which must be meticulously addressed to ensure
the successful transition of these innovative therapeutics [14, 15, 16]. The development
of nanomedicines must also navigate complex requirements from multiple stakehold-
ers: patients (clinical and therapeutic use), industry (manufacturing processes), and
regulatory authorities (approval and compliance). Given the regulatory frameworks
set by the Food and Drug Administration (FDA) and the European Medicines Agency

(EMA), it is essential to examine the latest advancements and regulatory considera-

tions surrounding micro/nanoemulsion drug delivery systems [17, 18]:

In European Union, the major approach of European Medicine Agency (EMA) to-
wards nanomedicines involves assuring uniformity and cooperation throughout the
EU by creating a platform that combines the necessary knowledge for the assessment
of the regulatory and scientific elements.

The EMA framework specifies:

— Any nanomedicine should undergo a comprehensive evaluation using established
risk-benefit analysis methodologies, considering not only the technology itself but
also its potential environmental impact, to ensure a thorough assessment of its
overall safety and efficacy, and to inform the development of effective risk man-
agement and mitigation strategies.

—  Sophisticated multidisciplinary knowledge is needed; a group comprising special-
ists from academia and regulators was established in 2009 and was further
strengthened in 2011, combining knowledge in quality, safety, and kinetics to fa-
cilitate evaluation and develop guidelines.

- Strong EU collaboration with other scientific networks (QNANO, ETP Nano), com-
mittees (SCENIHR, EFSA), and the European Commission.

— International collaboration: EMA is an expert group on international regulators,
which includes the US FDA, Japan MHLW, Health Canada, and TGA Australia.

The European Union (EU) has a highly developed framework for evaluating the risk-
benefit of medications, which has successfully included new technologies from the
past, such as positron emission tomography (PET) and novel diagnostic modalities, as
well as some nanoscale items. Since targeted sub technologies are emerging and scien-
tific knowledge is being obtained, specific guidelines on quality, toxicity, clinical de-
velopment, and monitoring elements are needed in this field [17, 19]. Despite signifi-
cant efforts and advancements, the EU’s regulatory environment for nanomedicines
and nanocarriers is still fragmented and stratified. A harmonization approach, with
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specific recommendations for the advancement and assessment of initial phases of
clinical trials (CTs), would be beneficial [20, 21].

Under US FDA, the growing interest in products utilizing nanotechnology resulted
in the release of a significant guideline in 2014 that helps determine if a product regu-
lated by the FDA uses nanotechnology, even though CTs were not specifically ad-
dressed. Currently, there is no dedicated regulatory framework for nanomedicines.
The FDA assesses nanotechnology-based products using a product-specific evaluation
process, relying on sponsor consultations to address potential regulatory challenges.
The agency assumes that existing regulations are adequate to identify potential toxic-
ity risks. Like other regulatory bodies, the FDA adopts a case-by-case approach when
evaluating nanotechnology. However, in response to the expanding field of nanomedi-
cine, the FDA has published foundational guidelines for pharmaceutical products, in-
cluding biologics that incorporate nanomaterials. Under this direction, the structural
characterization of medicinal products using nanoparticles and the quality features of
nanomaterials were addressed; and finally, CTs were included in the scope. A propor-
tionate approach to describing and characterizing the Investigational Medicinal Prod-
uct, based on its stage of development, is recognized, as long as it ensures safety dur-
ing CTs. This is a significant step in establishing a broad framework for determining
the critical quality attributes (CQAs) of the drug product, while also recognizing that
the function and possible influence of the nanomaterials on the product’s perfor-
mance should be taken into account when determining the CQAs of the nanomateri-
als. A regulatory guideline specifically addressing the development, evaluation, and
safety of liposome-based medicinal products was recently published [22].

In India, the rules for evaluating nanopharmaceuticals provide a detailed frame-
work for CT applications, outlining data requirements for physicochemical characteriza-
tion, CQAs, contaminants, stability, and in vitro/in vivo release and degradation kinetics.
These case-specific guidelines align with global standards, enhancing regulatory clarity
for nanopharmaceutical assessment [23].

In Canada, since 2010, problems with nanomedicines have been recognized by
Health Canada. The current legislative and regulatory frameworks are used for the
risk-benefit assessment and approval of nanomedicines; however, nanomaterials are
not specifically mentioned in acts or regulations, and there are no specific guidelines
for the submission of nanotechnology products in CTs. Health Canada has established
a functional definition for nanoparticles, which allows for the collection of specific
information about nanomaterials. This information is used to better understand these
materials, assess their potential benefits and risks in regulated products and substan-
ces, and implement risk management strategies. This applies to products and substan-
ces, including those used in computed tomography applications, which may contain
or be composed of nanomaterials [24].
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8.2.2 Guidelines for quality, safety, and efficacy assessment

Nanomedicine research is a multifaceted and intricate field with numerous unresolved
legal and regulatory issues. The product quality evaluation (physicochemical properties,
quality control, and manufacturing process) and the product safety assessment (phar-
macokinetics, biodegradation, accumulation, and nanotoxicity) are generally the most
important factors to take into account when it comes to nanoformulations. The quality-
by-design (QbD) paradigm is a potential strategy for the development and marketing
authorization of nanomedicines. To facilitate a seamless clinical translation of the inno-
vative nanomedicines, the regulatory bodies both strongly advise and mandate the sub-
mission of QbD-based data [25, 26].

8.2.3 Navigating intellectual property and patent challenges

Maintaining a well-planned intellectual property (IP) portfolio is economically impor-
tant, serving both offensive purposes (protecting innovations and securing market ad-
vantage) and defensive purposes (preventing infringement claims and ensuring free-
dom to operate). In terms of IP rights related to patents, the field of nanotechnology is
new and highly competitive globally, with developing nations participating in this com-
petition. The evolving technology presents both opportunities and difficulties for the
patent system. Nanotechnology ideas are cross-sectional and interdisciplinary, and
their industrial uses and challenges in meeting patent requirements make them prob-
lematic to patent outside of technical domains. As a result, it is impossible to overstate
the worth and strategic significance of IP rights protection. Many wide, potentially over-
lapping patents are being given in this fast-developing field of technology, which has
enormous promise and potential for technological, social, and economic benefits.

Additionally, certain nonexclusive licenses are being offered [27]. Current laws
impose specific patentability criteria, particularly regarding novelty and inventive
step, for nano-sized applications and their utility. Jurisdiction-specific studies and key
global precedents, especially under India’s Patent Act, 1970 (notably, restrictive sec-
tion 3), address these criteria and highlight challenges in patenting biological innova-
tions [28, 29].

8.3 Comparative analysis of regulatory guidelines

As the micro- and nanoemulsions are continuously growing due to their advanced
benefits in treatment of diseases, regulatory requirements are the prerequisite in
their development. However, the growth of nanotechnology-based products is expo-
nential as compared to the regulatory framework. Because of their unique physical
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and chemical characteristics, nanoemulsions provide a wide range of functions that
encourage their usage to satisfy the demands of several applications. The Global Sum-
mit on Regulatory Science (GSRS) provides the platform for a discussion on various
matters related to regulatory issues, innovative technologies, and collaborative initia-
tives between various national and international member countries for the safety es-
timation and development of various nanotechnological-based products, including
nanoemulsions [30].

Regulatory science research gaps and/or priorities were recognized at this sum-
mit’s closing session, which concentrated on what needs to be done in these areas.
The harmonization strategy, through collaboration, was also one of major objectives
of this summit. It aimed to help international partners collaborate effectively by creat-
ing networks, communities of practice, platforms, and processes. Different countries
have different regulatory authorities for controlling matters related to nanomedicine.
As discussed in the earlier section, there are specific regulatory frameworks for nano-
medicine in various countries, including India, EU, and Canada, but some of the
major countries such as the United States work on a case-by-case approach. There is
no specific framework for the assessment of safety of nanomedicine.

Also, the specific frameworks, work on the principle of risk/benefit analysis. Nano-
materials, including micro/nanoemulsions, are not included in the guiding framework of
Health Canada. However, for better understanding the concept and evaluating the risks
and benefits associated with it, a definition of nanomaterials is included in its system.
The Canadian regulatory strategy for nanomaterials complies with the Council of the Or-
ganization for Economic Co-operation and Development’s (OECD) advice for the evalua-
tion and testing of produced nanomaterials for safety. With a steady rise in medical
goods that use nanomaterials, they provide, for instance, new opportunities in health-
care diagnostics and therapies, and the chance to meet unmet medical requirements.

8.3.1 Harmonization efforts: ICH guidelines and nanotechnology
standards

There is great potential for better disease prevention, detection, and treatment with
nanomedicine. However, competing worries over the possible safety hazards of nano-
technologies, in general, and nanomedical products, in particular, pose a danger to
halt or at least postpone the launch and assess the economic viability of numerous
applications of nanomedicine. Nanotechnology offers a chance to adopt a different ap-
proach, aiming for international consensus before enacting domestic laws. Since
nanotechnology is still relatively new and there are no specific regulatory frame-
works dedicated to it, there is an opportunity to establish international regulations
without being limited by preexisting national laws [31]. Most industrialized countries
are simultaneously advancing in the field of nanomedicine, and they are at a similar
stage in both technological development and regulatory assessment [32—34].
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Governments worldwide are struggling to balance the potential benefits and risks
of nanotechnology in medicine and other industries. It is becoming more and more
obvious that the successful application of nanotechnology will depend on sensible, ef-
ficient, and predictable regulatory frameworks. So, international guiding standards
are crucial for all the countries. As an effort, under the auspices of the International
Council for Harmonization of Technical Requirements for Pharmaceuticals for
Human Use (ICH), the International Pharmaceutical Regulators Program (IPRP) seeks
to identify and address new challenges in pharmaceutical regulation for nanomedi-
cines that are of common concern to all the nations of the world [35]. Government
and agency representatives from nations in the Americas, Asia, Europe, and Oceania
are part of the particular IPRP nanomedicines working group. Its goals include non-
confidential information exchange, harmonization of regulations, cooperation
amongst foreign regulators in organizing training, and outreach to nanomedicine in-
ventor groups and other stakeholders [36].

More uniform international nanotechnology legislation could lead to several signif-
icant benefits, including enhanced safety standards, streamlined regulatory approvals,
and improved global collaboration in research and innovation. Several advantages
would result from having uniform national product requirements and regulations
through some kind of harmonization system, as many nanotechnology products will be
offered in worldwide trade. A unified set of regulations would help makers of these de-
vices (nanomedicine-related products such as diagnostic tools, drug delivery systems,
imaging agents, and other medical technologies that incorporate nanomaterials) by
streamlining product testing, regulatory filings, and design and labelling specifications.

Multinational corporations in the nanotechnology sector would be able to imple-
ment uniform environmental, health, and safety programs worldwide, including compli-
ance, product stewardship, worker training, and reporting components, through inter-
nationally consistent environmental and occupational safety and health requirements.
This would further advance the objectives of efficiency and effectiveness. Additionally,
globally standardized standards would promote global trade and avoid the trade bar-
riers and disputes that have impeded the advancement of other technology.

Internationally harmonized standards would ensure that all citizens receive
equal protection from the potential risks of nanotechnology products. They would
also prevent a “race to the bottom” or the creation of “risk havens,” where some gov-
ernments might lower safety standards to attract business investment and jobs. Addi-
tionally, when national governments address the same risks and regulatory chal-
lenges independently, it can lead to inefficiencies and duplicated efforts. Establishing
international standards could help avoid these issues by providing a unified frame-
work. A single international forum would allow for greater efficiency through econo-
mies of scale and shared expertise.

Nonetheless, attempts to harmonize international regulation would not be free
from hazards and expenses. The most important element is probably that interna-
tional discussions need a lot of time and resources since delegates from countries
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with very different political, scientific, and economic backgrounds find it difficult to
agree. In the interim, dangerous items or uses may remain unregulated since attempts
to obtain international accords might take years or even decades. The informational
benefits of various jurisdictions experimenting with various regulatory approaches —
which can teach other countries about good or bad approaches — may also be lost as a
result of international harmonization. Lastly, in terms of perceived hazards, risk-
benefit analysis, and ethical viewpoints on technology that could support disparate
regulation strategies, worldwide harmonization runs the risk of stifling actual na-
tional variations. The most formal method of international harmonization would be
an international treaty or convention on nanotechnology, in general, or nanomedi-
cine, in particular. As of now, there are no international treaties that specifically address
nanomedicine, and it doesn’t appear likely that any will be signed soon. Furthermore,
there would probably be significant barriers to negotiations of such a convention, includ-
ing the continuous dispute between countries regarding the proper application of the pre-
cautionary principle in international accords [37].

8.3.2 Insights into emerging regulatory frameworks for
nanoformulations

According to Abbott et al., a framework convention, or “FC,” would probably be the
most sensible option if a formal international agreement on nanotechnology were to
be considered at some point in the future. A framework convention first establishes
an infrastructure and procedure before progressively adding significant requirements
in the form of distinct protocols [38]. The FC protocol provides a structured approach
for countries to gradually address scientific and technological uncertainties related to
nanotechnology. It enables the adoption of precautionary measures that can be ad-
justed as research and understanding progress. In the absence of a forthcoming inter-
national treaty on nanotechnology, the Organisation for Economic Co-operation
and Development (OECD) has emerged as a key driver of global efforts to achieve
regulatory harmonization, fostering cooperation and coordination among its member
countries to address the complex challenges posed by the development and applica-
tion of nanotechnology. Within the OECD, the Working Party on Manufactured
Nanomaterials (WPMN) and Working Party on Nanotechnology (WPN) are leading
initiatives to standardize regulations, establish safety guidelines, and ensure thorough
risk assessments for nanomaterials used in various applications.

The ISO’s Technical Committee 229 (TC 229) promotes global nanotechnology
standards, setting terminology, definitions, and guidelines for managing environmen-
tal, health, and safety (EHS) risks in nanomaterial production, handling, and disposal.
Similarly, ASTM International and other standard organizations provide risk manage-
ment standards. In addition, nongovernmental initiatives, like the Responsible Nano-
code — a code developed by the Royal Society, Insight Investment — Nanotechnology



Chapter 8 Clinical frontiers and regulatory status of micro/nanoemulsions =—— 259

Industries Association, and Nanotechnology Knowledge Transfer Network, aim to
standardize safe practices in nanotechnology research, production, and disposal glob-
ally [39].

Private collaborations, such as the Environmental Defense Fund and Dupont’s
Nano Risk Framework, guide businesses on systematically managing environmental,
health, and safety risks throughout a nanomaterial life cycle, from sourcing to dis-
posal. All nanoproducts are covered by the global harmonization efforts mentioned
above. However, two international organizations, namely International Conference
on Harmonization (ICH), focusing on harmonizing national regulations for pharma-
ceuticals at the international level and Global Harmonization Task Force (GHTF), aim-
ing to harmonize regulations for medical devices worldwide that specialize in the
field of medical products present, are possibly the most promising opportunities for
the international harmonization of nanomedicine. Globally, harmonized guidance
documents for nanomedical products could be enacted by the International Confer-
ence on Harmonization and the Global Harmonization Task Force, which aim to har-
monize national regulations for pharmaceuticals and medical devices, respectively, at
the international level [32].

8.4 Emerging trends and future directions

The field of drug delivery is undergoing rapid evolution, driven by advancements in
technology and an increasing understanding of disease mechanisms [40]. Micro/
nanoemulsions continue to play a crucial role in pharmaceutical development. The
synergistic convergence of artificial intelligence and machine learning in drug deliv-
ery is transforming the field, yielding unprecedented efficiencies in formulation
processes, predictive insights into drug behavior, and tailored therapies. By leverag-
ing the analysis of vast datasets, researchers can pinpoint optimal parameters, bol-
ster formulation stability, and usher in a new era of personalized medicine. This
shift toward personalized medicine promotes the development of tailored drug de-
livery systems, particularly micro/nanoemulsions engineered to encapsulate pa-
tient-specific therapies for more effective and targeted treatments that minimize
side effects [41]. Meanwhile, the burgeoning field of nanomedicine is yielding inno-
vative solutions, including ligand-targeted nanoparticles that facilitate precise, tis-
sue-specific delivery. This targeted approach not only amplifies therapeutic efficacy
but also mitigates toxicity, paving the way for safer, more effective treatments. In
response to environmental concerns, the pharmaceutical industry is adopting sus-
tainable practices, such as green synthesis methods for micro/nanoemulsions and
the use of biodegradable materials, aligning with global sustainability goals. Re-
search is also expanding into novel delivery routes, including transdermal, intrana-
sal, and oral administration, to improve drug absorption and bioavailability [42].
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Additionally, the increasing use of nanotechnology necessitates updated regulatory
frameworks to establish clear guidelines for evaluating the safety, efficacy, and
quality of nanoformulations while addressing IP challenges. Lastly, the emergence
of smart drug delivery systems with integrated biosensors for real-time monitoring
of drug levels and physiological responses is paving the way for dynamic therapy
adjustments, ultimately improving patient outcomes [43].

Various summits have been organized to address the challenges in clinical and reg-
ulatory pathways for nanotechnology [40]. These summits focused on topics such as
standards for medical devices and drugs, safety assessments of nanomaterials, and
emerging pollutants like nanoplastics and nanomaterials. They served as platforms for
regulators, policymakers, and scientists to discuss innovative technologies, regulatory
methods, and strategies for global collaboration. The 2019 GSRS attracted around 200
participants from over 30 countries, including the United States, Canada, and the EU.
Major discussions on clinical and regulatory challenges are illustrated in Figure 8.1.

Addressing the necessity for comprehensive safety assessments, regulatory bodies, global
frameworks, documented standards, and collaborative efforts in the development of
nanomedicines

== Collaborative F ks 920
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Figure 8.1: Addressing the need for comprehensive safety assessments, regulatory bodies, global
frameworks, documented standards, and collaborative efforts in the development of nanomedicines,
alongside the clinical and regulatory challenges for micro/nanoemulsions [44].



Chapter 8 Clinical frontiers and regulatory status of micro/nanoemulsions =—— 261

8.4.1 Innovations in formulation technology

Recent advancements in formulation technology have significantly broadened the po-
tential applications of micro/nanoemulsions, making them a vital tool in modern drug
delivery systems. One of the most impactful innovations is the use of microfluidics,
which enables precise control over the mixing of components at the microscale [45].
This technique facilitates the generation of uniform droplets with controlled sizes, en-
hancing the stability and bioavailability of the emulsion products. Microfluidic devi-
ces also allow for continuous processing, leading to scalable production methods that
can meet industrial demands without compromising product quality [46].

Supercritical fluid technology is another emerging method that offers several ad-
vantages over traditional solvent-based approaches [47]. By utilizing supercritical car-
bon dioxide as a solvent, this technology enables the formation of micro/nanoemul-
sions without the need for organic solvents, reducing toxicity and environmental
impact. This method also allows for the creation of highly uniform and stable formu-
lations, which can be particularly beneficial for delivering poorly soluble drugs [48].

The rise of green synthesis methods reflects a growing commitment to sustain-
ability in pharmaceutical development. These methods prioritize the use of renewable
resources and environmentally friendly solvents, minimizing waste and reducing the
ecological footprint of drug production [49]. Innovations in this area have led to the
development of biodegradable surfactants and excipients, which not only enhance
the sustainability of formulations but also improve patient safety by reducing the risk
of toxicity [50, 51].

Moreover, researchers are continually exploring new excipients and surfactants
to optimize the performance of micro/nanoemulsions. The selection of surfactants can
significantly affect the stability, droplet size, and release profile of the formulation.
Novel surfactants derived from natural sources or designed through synthetic ap-
proaches offer improved compatibility with active pharmaceutical ingredients, en-
hancing the overall delivery of both hydrophilic and lipophilic drugs [52].

These advances not only enhance formulation stability but also increase the ver-
satility of micro/nanoemulsions in various therapeutic applications. From targeted
drug delivery in oncology to enhanced bioavailability for poorly soluble drugs, the in-
novations in formulation technology are opening new avenues for improving patient
outcomes and expanding the capabilities of drug delivery systems. The ongoing re-
search and development in this field hold great promise for the future of pharmaceut-
icals, as the formulation of micro/nanoemulsions becomes increasingly sophisticated
and aligned with patient needs [53].
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8.4.2 Micro/nanoemulsions in precision and personalized
medicine

The integration of micro/nanoemulsions into precision and personalized medicine
represents a pivotal shift in how therapies are designed and administered, particu-
larly for complex diseases such as cancer and neurological disorders. This innovative
approach leverages the unique properties of micro/nanoemulsions, enabling the en-
capsulation and targeted delivery of therapeutic agents with exceptional preci-
sion [54].

One of the defining characteristics of micro/nanoemulsions is their ability to form
stable, homogenous mixtures that can encapsulate both hydrophilic and lipophilic
drugs. This versatility allows for the effective delivery of a wide range of therapeutics,
including poorly soluble compounds that are often challenging to administer. Further-
more, by optimizing the size and surface properties of these emulsions, researchers
can enhance the targeting of specific tissues or cells, thus improving the therapeutic
index of treatments. For instance, in cancer therapy, micro/nanoemulsions can be en-
gineered to deliver chemotherapeutic agents directly to tumor cells, minimizing dam-
age to surrounding healthy tissue and reducing systemic side effects [55].

The personalized aspect of this approach hinges on the ability to tailor formula-
tions based on a patient’s unique genetic makeup, environmental exposures, and life-
style factors. By incorporating biomarkers or targeting ligands into the formulation,
micro/nanoemulsions can be designed to respond to individual patient profiles [56].
For example, in the case of a cancer patient, the formulation can be customized to
enhance uptake by cancer cells expressing specific receptors, thereby improving effi-
cacy and reducing the required dosage. This precision not only optimizes therapeutic
outcomes bhut also minimizes adverse effects, ultimately leading to improved patient
quality of life [57].

The trend towards personalized medicine is further supported by advancements
in drug design and formulation technologies. As researchers gain a deeper under-
standing of the molecular mechanisms underlying diseases, they can develop patient-
specific treatments that align with the unique pathophysiology of individual patients.
This includes leveraging data from genomics, proteomics, and metabolomics to iden-
tify the most effective therapeutic targets and optimize drug delivery methods [40].
Moreover, the use of micro/nanoemulsions in combination with real-time monitoring
technologies offers the potential for dynamic adjustments to treatment plans based
on patient responses. For instance, wearable biosensors can track drug levels and
physiological parameters, allowing healthcare providers to tailor dosages or modify
treatment strategies on-the-fly, further enhancing the personalization of care [49].

The integration of micro/nanoemulsions into precision and personalized medi-
cine signifies a transformative approach to drug delivery, enabling highly targeted,
effective, and individualized therapies. By harnessing the unique properties of these
emulsions, researchers and clinicians can develop innovative treatments that not
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only enhance efficacy and safety but also align with the evolving landscape of person-
alized healthcare. As this field continues to evolve, it holds immense promise for ad-
dressing the complexities of modern diseases and improving patient outcomes [58].

8.4.3 Future challenges in clinical and regulatory pathways

Despite the significant advancements and potential of micro/nanoemulsions in drug
delivery, several challenges hinder their clinical translation and regulatory approval.
Addressing these challenges is crucial for the successful implementation of these inno-
vative systems in real-world medical applications [59, 60].

8.4.4 Formulation scalability

One of the primary technical hurdles is the scalability of micro/nanoemulsion formu-
lations. While laboratory-scale methods can produce small batches of highly con-
trolled formulations, scaling up to meet commercial production demands poses chal-
lenges in maintaining product consistency and quality. Variability in production
processes can lead to differences in droplet size, distribution, and stability, which can
significantly affect drug delivery performance. Establishing robust manufacturing
processes that ensure reproducibility and compliance with good manufacturing prac-
tices (GMP) is essential for large-scale production [61].

8.4.5 Long-term stability

The long-term stability of micro/nanoemulsions is another critical challenge. These
systems are inherently thermodynamically unstable, and factors such as temperature,
light exposure, and storage conditions can impact their stability over time [51]. Main-
taining a stable formulation that preserves the integrity of the active pharmaceutical
ingredient and delivers consistent performance is vital for clinical efficacy. Develop-
ing advanced formulation strategies, including the use of stabilizers and novel pack-
aging techniques, is necessary to enhance stability and shelf life [58].

8.4.6 Variability in drug release profiles

Another challenge is the variability in drug release profiles observed with micro/
nanoemulsions. Achieving consistent and predictable drug release is crucial for thera-
peutic effectiveness, yet many formulations exhibit variability due to factors such as
droplet size, surfactant composition, and environmental conditions [46]. This inconsis-
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tency can complicate the translation of preclinical findings to clinical outcomes. Re-
search into advanced characterization techniques and in vitro-in vivo correlation
(IVIVC) models is essential for understanding and controlling release mecha-
nisms [59].

8.4.7 Intellectual property concerns

IP concerns also pose challenges for the development and commercialization of
micro/nanoemulsions. The rapidly evolving nature of nanotechnology often leads to
uncertainties regarding patentability and freedom to operate [62]. Researchers and
companies must navigate complex IP landscapes to protect their innovations, while
ensuring compliance with existing patents. Establishing clear IP frameworks and col-
laborative approaches will be critical in promoting innovation and ensuring fair com-
petition in the market [63].

8.5 Future perspectives of nanoemulsions

Recently, nanoemulsions have received attention as promising carriers for targeted
cosmetic delivery and optimum dispersion of active substances in specific skin layers.
In comparison to liposomes, nanoemulsions exhibit superior efficacy in delivering li-
pophilic substances, attributed to their lipophilic core, which facilitates the efficient
penetration of active ingredients into the dermal layer and enhances their cutaneous
concentration. Furthermore, nanoemulsions offer a distinct advantage over macroe-
mulsions, as they are less prone to sedimentation, creaming, coalescence, and floccu-
lation, rendering them an attractive formulation strategy for cosmetic applications. In
the fields of hair care and cosmetics, nanoemulsions have been proven to be useful
for scalp therapy and silicon deposition onto hair fibers.

Among the unique characteristics that are widely recognized in the current pe-
riod is the parenteral administration of nanoemulsions to meet nutritional needs, con-
trolled medication delivery, and targeted drug delivery. They provide an effective
oral medication delivery system because of their small droplet size, which greatly en-
hances absorption from the gastrointestinal tract [64].

8.6 Conclusion

Microemulsions and nanoemulsions, with their deformable nano-sized droplets, pres-
ent remarkable potential as novel carriers in the rapidly advancing field of nanotech-
nology. These systems offer enhanced bioavailability, a broader range of optical and
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flow properties, and the ability to transition from opaque to transparent appearances,
making them valuable across diverse industries such as biotechnology, medicine, and
cosmetics. Their ability to be produced with minimal emulsifiers further boosts their
commercial appeal. Despite these promising advantages, micro- and nanoemulsions
face several challenges, particularly related to stability and regulatory hurdles. The
unique characteristics of nanoformulations, including their small size, reactivity, and
high surface area, introduce potential risks. These formulations can penetrate cells,
float in the air, and, in some cases, cause harmful adverse effects. Consequently, strin-
gent regulatory oversight is essential to ensure their safe development and use. While
nanoformulations offer significant benefits, their clinical and commercial success
hinges on the establishment of robust regulatory frameworks.

Microemulsions and nanoemulsions have emerged as powerful tools in drug de-
livery systems, offering improved bioavailability, stability, and targeted therapeutic
delivery. Their versatility across a range of applications, from biotechnology to medi-
cine and cosmetics, underscores their significant potential. However, despite their
promising advantages, these systems face substantial challenges, particularly in terms
of regulatory approval, safety, and stability. The regulatory landscape for micro- and
nanoemulsions is complex and evolving, with different regions and regulatory bodies
such as the US FDA, EMA, and CDSCO establishing diverse frameworks for their ap-
proval and monitoring.

Currently, regulatory approaches for micro- and nanoemulsions are still in the
early stages, with different countries adopting varying systems based on their own
guidelines. There is a growing need for a unified, efficient, and globally harmonized
regulatory framework to address the complexities of nanotechnology. International
regulatory bodies are working toward developing common standards that can facili-
tate the safe and effective use of nanoemulsions worldwide. Achieving this harmoni-
zation will not only enhance the global accessibility of these innovative systems but
also ensure their safe application in clinical settings. For micro- and nanoemulsions
to realize their full potential in healthcare and improve patient outcomes, collabora-
tion among researchers, regulatory bodies, and industry stakeholders is essential. By
addressing the challenges of stability and regulatory complexities, these advanced for-
mulations can be successfully integrated into clinical practices, offering a new avenue
for the treatment of various diseases and improving therapeutic outcomes.
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Chapter 9
Future prospects of micro/nanoemulsions
in enhancing drug performance

Abstract: Micro/nanoemulsions offer immense potential in enhancing drug perfor-
mance through improved solubility, stability, and bioavailability. However, their
widespread application is hindered by thermodynamic instability and sensitivity to
environmental fluctuations. Long-term stabilization remains a key challenge, particu-
larly for biomedical and pharmaceutical applications. Furthermore, the toxicity and
limited biocompatibility of conventional synthetic surfactants underscore the urgent
need for safer, sustainable alternatives. Recent advancements emphasize the use of
eco-friendly, biodegradable surfactants derived from natural sources, which not only
reduce toxicity but also improve compatibility with biological systems.

Innovative approaches are steering the development of environmentally con-
scious emulsion systems utilizing renewable materials, biodegradable emulsifiers,
and low-energy fabrication techniques. These strategies enhance both the structural
integrity and functional efficacy of emulsions while enabling targeted and controlled
drug delivery. Biopolymer-based stabilizers such as zein, cellulose, starch, and
protein—polysaccharide complexes have gained momentum due to their clean-label
status and biodegradability. Hybrid systems integrating cellulose nanocrystals, poly-
phenol crystals, and whey protein microgels have demonstrated superior stability
and drug encapsulation efficiency.

Looking ahead, advanced drug delivery platforms combining micro/nanoemul-
sions with nanocarriers like liposomes, micelles, and dendrimers show promise in
achieving precise, stimuli-responsive delivery. Functionalized carriers with peptides,
antibodies, or targeting ligands offer the potential for site-specific action and con-
trolled release in response to physiological triggers such as pH, temperature, or CO,
levels.
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This chapter provides a forward-looking perspective on the evolution of micro/
nanoemulsions, critically analyzing their current applications, emerging materials,
and integration into multidrug delivery systems. It highlights the transformative po-
tential of these systems in addressing future pharmaceutical challenges.

Keywords: Emulsions, smart emulsions, hybrid emulsions, intelligent delivery system,
microemulsion, nanoemulsion

9.1 Introduction

Micro- and nanoemulsions have emerged as promising colloidal drug delivery sys-
tems, characterized by their thermodynamic stability, small droplet size, and large in-
terfacial surface area. Stabilized by surfactants, these emulsions form finely dispersed
systems of oil and water that significantly enhance the solubility, permeability, and
bioavailability of poorly water-soluble drugs. Their nanoscale size facilitates im-
proved drug absorption across biological membranes, offering a superior alternative
to conventional delivery approaches.

Recent studies by Arredondo-Ochoa et al. and Sharmeen et al. have underscored
the potential of micro/nanoemulsion systems as versatile carriers for pharmaceutical
compounds. These systems not only improve the pharmacokinetic and pharmacody-
namic profiles of drugs but also provide opportunities for targeted and controlled re-
lease, thereby minimizing systemic toxicity and enhancing therapeutic efficacy.

This chapter aims to explore the potential of micro/nanoemulsions in advancing
drug performance, focusing on novel formulation strategies, technological advance-
ments, regulatory perspectives, and emerging therapeutic applications [1, 2].

9.1.1 Advantages of micro/nanoemulsion

Micro/nanoemulsions facilitate sustained drug release, enhances patient adherence,
and maintains therapeutic drug levels over an extended period. They improve stabil-
ity by shielding drugs from light, oxygen, and enzyme deterioration. Micro/nanoemul-
sions can be administered via oral, parenteral, topical, and intranasal routes. Nano-
emulsions are ideal for topical and transdermal therapies as they enhance drug
distribution and reduce toxicity. These novel formulations can include multiple bioac-
tives, making them useful for various pharmaceutical applications [1, 3, 4].
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9.1.2 Limitations and challenges in micro/nanoemulsion

Despite their promising potential in enhancing drug delivery, micro/nanoemulsions
face several limitations and challenges that must be addressed for their safe and ef-
fective therapeutic application. One of the primary concerns is the toxicity and
biocompatibility of the formulation components, particularly surfactants and cosur-
factants, which can pose risks at higher concentrations or with long-term exposure.

Moreover, maintaining the physical stability of micro/nanoemulsions during stor-
age and upon administration remains a significant hurdle. Issues such as phase sepa-
ration, droplet coalescence, and Ostwald ripening can compromise the efficacy and
shelf life of the formulation. Scalability of production using cost-effective and repro-
ducible methods is another critical challenge, particularly when transitioning from
laboratory to industrial-scale manufacturing [5-8].

9.2 Novel formulation strategies
9.2.1 Smart emulsion

Environmental engineering, food science, and drug delivery can greatly benefit from
the integration of innovative emulsion systems that respond to environmental stimuli
such as heat, pH, and carbon dioxide (CO,). These stimuli-responsive emulsions — also
known as smart emulsions — are formulated using specific emulsifiers, surfactants,
and polymers that can adapt their behavior based on changes in pH, temperature, or
salt concentration [9-11].

Thermoresponsive emulsions utilize materials that change their hydrophilicity or
hydrophobicity with temperature, enabling controlled phase transitions and drug re-
lease. CO,-responsive emulsions can switch reversibly between stable and unstable
states by the introduction or removal of CO,, which alters molecular charge, surface
tension, and overall emulsion stability through protonation or deprotonation. Simi-
larly, pH-responsive emulsions exploit functional groups that respond to pH shifts, fa-
cilitating site-specific and controlled release of therapeutic agents.

Polymers such as poly(N-isopropylacrylamide) (PNIPAM) and poly(acrylic acid)
(PAA), which are sensitive to temperature and pH, respectively, are widely used in
these systems to enhance drug targeting, improve therapeutic efficacy, and minimize
side effects [12].

The following sections provide a detailed overview of thermo-responsive, pH-
responsive, and CO,-responsive emulsions and their role in smart drug delivery
systems.
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9.2.1.1 Thermoresponsive emulsion

Thermoresponsive emulsions are a class of smart systems that undergo structural or
phase transitions upon temperature variation. These emulsions are typically stabi-
lized by stimuli-responsive polymers or surfactants that change their hydrophilicity/
hydrophobicity around a specific transition temperature, such as the lower critical so-
lution temperature. Their ability to offer controlled release and site-specific delivery
makes them promising candidates for pharmaceutical, biomedical, and industrial ap-
plications.

With an emphasis on surface interaction, Rey et al. had investigated the behavior
of stimuli-responsive emulsions stabilized by PNIPAM microgel. Stimuli-responsive
emulsions provide a dual benefit, offering both long-term stability and controlled re-
lease triggered by external factors like pH or temperature changes. This study demon-
strated that the thermo-responsive behavior of emulsions is mainly governed by in-
teractions between interfaces, rather than those occurring within them. Additionally,
microgels transferred between emulsion droplets in flocculated emulsions enabled
stimuli-responsiveness, irrespective of their internal structure. This highlights the crit-
ical importance of microgel morphology and the forces they apply to liquid interfaces
in the control and design of stimuli-responsive emulsions and interfaces [13].

Ciarleglio et al. described the synthesis of dual-responsive alginate/PNIPAM mi-
crospheres that respond to temperature and pH change. This study details the fabrica-
tion of Ozoile-based dual-responsive alginate/poly(N-isopropylacrylamide) (PNIPAM)
microspheres, fabricated by the microemulsion-based electrospray method, designed
to react to changes in both pH and temperature. Overall, the microspheres developed
in this study demonstrated a strong response to pH and temperature changes, validat-
ing their stimulus-responsive properties and capability to degrade and release their
active ingredients. This research highlighted a promising approach for creating ad-
vanced drug delivery systems for hydrophobic compounds like Ozoile, with potential
applications in managing oxidative stress and inflammation across various biomedi-
cal fields [14].

Zifu et al. formulated a concentrated o/w emulsion of thermo-responsive and pH-
responsive PNIPAM-co-methacrylic acid (PNIPAM-co-MAA). Pluronic F-127 hydrogel
drug delivery system, polyethylene glycolated hyaluronic acid (PEG-HA) and N,N,N-
trimethyl chitosan (TMC) were utilized for the textile-based transdermal treatment
that was dual-responsive (pH/temperature). These microgels improved the release of
lipophilic molecules. Emulsions above pH 6 remain stable even at 50 °C, suggesting
swollen microgels enhance bonding between interconnected microgels and oil drop-
lets, affecting the release of encapsulated molecule [15].

Chatterjee et al. proposed a novel one-step template synthesis method based on
the utilization of microfluidic quadruple emulsion to create microcapsules with dis-
tinct shells that are responsive to stimuli, allowing flexibility and controlled release.
The microcapsules showed resemblance to Trojan horses [16].
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In a related advancement, Chuanfeng et al. synthesized a new class of fluorosur-
factants using thermo-responsive polymers such as PNIPAM and pEtOx, combined
with perfluoropolyethers. These diblock surfactants demonstrated temperature-
dependent demulsification: at temperatures below the LCST, the emulsions remained
stable due to the hydrophilic nature of the surfactants. However, when the tempera-
ture rose above the LCST, the hydrophilic heads became hydrophobic, triggering
droplet coalescence and demulsification. This property is particularly valuable in
droplet microfluidics, allowing for the production of cell-laden microgels with mini-
mal impact on cell viability. Their potential in microencapsulation and biomedical ap-
Pplications is notable due to the controllable and reversible emulsion behavior [17].

Xiaoxuan et al. developed thermo-responsive Janus silica nanoparticles, with one
side functionalized with PNIPAM and the other bearing silanol groups. These Janus
particles exhibited enhanced emulsifying efficiency, particularly in oil-water systems
such as tetradecane-water. Due to stronger hydrogen bonding and increased hydro-
philicity from silanol groups, the Janus particles showed a higher thermal phase tran-
sition temperature and improved emulsion stability at elevated temperatures. In
crude oil-water systems, they demonstrated superior emulsification performance and
temperature-triggered responsiveness, indicating their applicability in oil recovery
and industrial separation processes [18].

Feng Huanhuan et al. discussed the development of surfactants using poly(ethyl-
ene glycol) and di(ethylene glycol) methacrylate via atom transfer radical polymeriza-
tion. These surfactants stabilize emulsions for a minimum of four months and have
an LCST of 34 °C. The hydrophilic block collapses when the LCST is surpassed, which
accelerates the demixing of the emulsion. The study investigated the mechanism of
emulsion breaking in a system by observing the surface morphology of individual
emulsion droplets during collapse transitions. The results indicated that these well-
defined thermoresponsive surfactants provide a promising platform for studying
droplet coalescence and temperature-triggered phase inversion in emulsion systems.
Additionally, their ability to break highly stable emulsions on demand holds indus-
trial significance for various applications, including film formation in waterborne
emulsion paints and product recovery during emulsion-based extraction and reaction
processes [19].

9.2.1.2 CO,-responsive emulsions

CO,-responsive emulsions are an innovative class of smart emulsions that can revers-
ibly transition between stable and unstable states upon the introduction or removal
of carbon dioxide. This responsiveness enables precise control over emulsification
and demulsification processes, making them highly suitable for applications in green
chemistry, drug delivery, and biocatalysis. The trigger mechanism typically involves
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changes in pH or ionic strength caused by CO, dissolution in water, leading to a shift
in the charge or solubility of emulsion stabilizers.

A notable advancement in this area was presented by Yongkang et al., who devel-
oped a COy/Nyresponsive oil-in-water (O/W) emulsion stabilized by sodium caseinate
(NaCas), a natural protein. Unlike conventional systems that rely on synthetic poly-
mers or surfactants grafted onto solid particles, this approach utilized a protein-based
stabilizer, resulting in a simpler and more sustainable emulsion system. This NaCas-
stabilized emulsion demonstrated superior reaction efficiency and functional versatil-
ity with various oils, setting it apart as the first reported protein-based COy/N,-
responsive emulsion.

The system belongs to a broader category known as Pickering emulsions, which
are emulsions stabilized by solid particles rather than traditional surfactants. These
particles adsorb irreversibly at the oil-water interface, forming a rigid interfacial
layer that enhances stability. In CO,-responsive Pickering emulsions, responsiveness
is often achieved by modifying these particles with CO,-sensitive polymers or func-
tional groups. However, the use of naturally occurring proteins like NaCas represents
a significant shift toward more biocompatible and environmentally friendly alterna-
tives. The work by Yongkang et al. illustrates the potential of such systems in advanc-
ing green chemical processes, with promising implications for pharmaceutical, food,
and biomedical applications [20].

Pie et al. reported that amine-functionalized hierarchically porous UiO-66-(OH), (H-
Ui0-66-(0OH),) may stabilize emulsion and change the demulsification/re-emulsification
process. This occurs by alternating the addition or removal of CO,. This switching mech-
anism is caused by the interaction of CO, with the metal-organic framework (MOF) ami-
nosilane. This leads to the production of hydrophilic ions that reduce the MOF’s wetta-
bility [21].

The COy-responsive emulsion described by Huaixin et al. demonstrated that Pickering
emulsions can be stabilized using the CO,-switchable surfactant 11-(N,N-dimethylamino)
sodium undecanoate (NCOONa). When CO, is bubbled through the emulsion, the surfac-
tant transforms into a more hydrophilic, inactive form, leading to rapid and complete
demulsification. This prevents the oil phase from dispersing into the aqueous phase. The
method offers an environmentally friendly and efficient approach to emulsion separation
and oil product purification, with promising applications in hiphasic catalysis, oil trans-
portation, and emulsion extraction [22].

Li et al. investigated an emulsion system responsive to CO,, focusing on N,N-
dimethyl-N,N'-didodecyl butylene diamine (DMDBA), a CO,-switchable gemini surfac-
tant [23]. The infusion of CO, and N, triggers a reversible transition between the surfac-
tants active and inactive states, making it particularly promising for drug delivery ap-
plications. Two key properties of DMDBA are its cyclic reversibility and CO,
responsiveness. Upon exposure to CO,, DMDBA reacts to form a cationic surfactant,
DMDBAH, resulting in a gradual increase in conductivity. This change in conductivity
quantitatively reflects the reaction rate. The kinetics of the reaction was modeled by
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fitting the conductivity data during surfactant formation under CO, injection at various
temperatures. The resulting kinetic equation showed correlation coefficients exceeding
0.99, indicating that the reaction followed a second-order kinetic model. The rate con-
stant (k) increased with temperature, peaking at 55 °C, suggesting that elevated temper-
atures enhance molecular motion and thus accelerate the reaction. However, higher
temperatures also reduce the degree of protonation, likely due to thermal decomposi-
tion of the protonated tertiary amine bicarbonate.

9.2.1.3 pH-responsive emulsion

pH-responsive emulsions are a class of smart emulsions that undergo reversible
changes in stability, structure, or phase behavior in response to variations in the pH
of the surrounding environment. These emulsions are particularly useful in applica-
tions such as controlled drug delivery, catalysis, and food formulation, where precise
release or reaction control is required. The responsiveness typically arises from pH-
sensitive functional groups present in emulsifiers, surfactants, or stabilizing particles
that alter their hydrophilic-lipophilic balance or surface charge under different pH
conditions.

A notable example of a pH-responsive emulsion system involves the formation of a
Pickering emulsion of n-decanol in water using gold-core polymer-metal hybrid mi-
celles — specifically, Au@poly(ethylene oxide)-b-poly(4-vinylpyridine) — as the emulsify-
ing agent. This Pickering emulsion exhibited reversible emulsification and demulsifica-
tion upon pH cycling in the aqueous phase. Impressively, this pH-induced transition
could be repeated several times with minimal loss in emulsion stability or performance.
Due to its pH-responsive nature, the emulsion proved highly effective for catalytic reac-
tions at the water—oil interface, demonstrating its potential in interfacial catalysis and
other functional applications where on-demand emulsification is desirable [24].

Ruidong et al. reported the development of a novel emulsion system that re-
sponds sensitively to pH fluctuations. In this approach, poly(methacrylic acid) (PMAA)
brush-coated silica nanoaggregates (P-Si) were synthesized by grafting a diblock co-
polymer — poly(tert-butyl methacrylate)-b-poly[3-(trimethoxysilyl)propyl methacry-
late] (PtBMA-b-PTMSPMA) - onto fumed silica particles. These modified nanoparticles
exhibited distinct behavior based on the pH of the aqueous phase. At low pH levels,
the P-Si nanoaggregates flocculated, leading to the successful stabilization of a tolu-
ene-in-water Pickering emulsion. However, when the pH was raised to neutral or
basic levels, the nanoaggregates dispersed more effectively in water, resulting in
emulsion breakdown. This reversible flocculation behavior enabled controlled and re-
peatable cycles of emulsification and demulsification simply by alternating between
acid and base conditions. Such a system offers a promising route for designing reus-
able and tunable emulsions for chemical processing, extraction, and smart delivery
applications [25].
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Pei et al. reported the development of novel pH-responsive smart surfactants (N
+—(n)-N, where n =14, 16) derived from alkyl trimethylammonium bromides. Depend-
ing on the pH of the media, these surfactants may switch between their cationic and
hydrophilic Bola forms. They stabilize conventional, Pickering, and oil-in-water emul-
sions in neutral and alkaline media. The surfactant converts into the hydrophilic Bola
form and loses some of its emulsifying power in acidic solutions. Following demulsifi-
cation, the surfactant returns to the aqueous phase, allowing recycling without con-
taminating the oil phase. For emulsion polymerization, heterogeneous catalysis, and
oil transportation, these intelligent surfactants are crucial for producing short-term
stable emulsions. They are environmentally friendly and versatile due to their pH-
based transition between stable and unstable states. The recycling of surfactants and
nanoparticles during demulsification aligns with green chemistry principles [26].

The formulation of pH-responsive, solid-free nanoemulsions was reported by Ren
et al. The formation of a dynamic covalent surfactant (T-DBA) has been shown to al-
ternate between active and inactive states in response to pH variations. The study
proved the possibility of controlled stability of nanoemulsions. The study demon-
strates the pH-responsive behavior of a nanoemulsion by monitoring the interfacial
tension between liquid paraffin and the T-DBA aqueous solution at different pH val-
ues. The results show a low interfacial tension 0f10.3 mN/m after a 10-min equilibra-
tion at pH 10, indicating T-DBA is in an active interfacial state. This is due to the intro-
duction of hydrophobic benzene rings and decyl chains through dynamic covalent
bonds between hydrophilic taurine and hydrophobic DBA. T-DBA adsorbs to the oil-
water interface to stabilize droplets. An emulsifier with an interfacial tension of
10 mN/m was sufficient to stabilize the emulsions. As the pH decreased from 10 to 3,
the interfacial tension increased to 34 mN/m, similar to the interfacial tension be-
tween liquid paraffin and pure water, DBA in liquid paraffin and pure water, and liq-
uid paraffin and the taurine aqueous solution. The decomposition of interfacial active
T-DBA into interfacial inactive taurine and DBA occurred due to the decomposition of
the dynamic imine bond. The equilibrium IFT returned to 10.5 mN/m upon increasing
the pH to 10, indicating the reformation of interfacial active T-DBA in situ. The re-
formed interfacial active T-DBA was adsorbed into the oil-water interface again after
sonication, resulting in a stable nanoemulsion [27].

9.2.2 Integration with nanotechnology

Nanotechnologies, particularly liposomes and micelles, can enhance treatment by pro-
viding drug delivery vehicles at the nano-sized scale. Although the FDA has autho-
rized few micelle-based formulations, several other nanocarrier-based formulations
like liposomal medications have been approved for anticancer treatment due to their
improved pharmacokinetics and reduced adverse effects [28]. Liposomal systems
often face challenges, such as limited controlled release capabilities and low encapsu-
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lation efficiency. However, innovatively designed multi-compartment liposomes, act-
ing as microreactors for biochemical synthesis, now offer precise control over cargo
loading and release kinetics, effectively overcoming these limitations [29]. This chal-
lenge can be addressed by preparing emulsion-like systems that combine the advan-
tages of solid lipid nanoparticles and liposomes. These systems enhance drug loading,
stability, and controlled drug release effectiveness due to their solid lipid core and
phospholipid bilayer structure [30]. Moreover, integrating liposomes, dendrimers,
and quantum dot structures into a single hybrid carrier, such as microemulsion, can
combine their advantages and enable simultaneous drug delivery, while also provid-
ing a protective function.

eLiposomes represent a novel class of drug delivery systems that integrate emul-
sions and liposomes to achieve targeted therapeutic delivery. These advanced vesicles
encapsulate both a drug and an internal emulsion droplet, allowing for controlled re-
lease mechanisms. Upon exposure to external stimuli — particularly ultrasound — the
internal emulsion droplet undergoes a phase change from liquid to gas. This expan-
sion generates sufficient force to rupture the surrounding lipid bilayer of the eLipo-
some, enabling the rapid release of the encapsulated drug or genetic material.

Javadi et al. demonstrated this concept by utilizing perfluoropentane (PFC5) emul-
sions encapsulated within eLiposomes, further functionalized with a folate ligand for
targeted delivery to HeLa cells. Their study evaluated drug transport and plasmid
gene transfection efficiency under varying ultrasonic acoustic parameters. Using con-
focal microscopy, they observed that in the absence of ultrasound, drug delivery and
gene transfection remained minimal, even with PFC5 and folate-targeted eLiposomes.
However, upon ultrasound activation, there was a marked enhancement in both drug
and plasmid delivery, highlighting the potential of this system to disrupt endosomal
membranes and release cargo directly into the cytosol. This dual-responsive mecha-
nism - leveraging both pH-sensitivity and ultrasound stimulation — positions eLipo-
somes as a promising platform for noninvasive, targeted delivery in cancer therapy
and gene transfection applications [31].

The complex structure of hybrid multicompartment carriers such as eLiposomes,
shown in Figure 9.1 as nanoemulsion droplets encapsulated within a phospholipid bi-
layer enables the simultaneous delivery of hydrophilic, hydrophobic, and amphiphilic
compounds. Owing to this property, these carriers are being actively developed for
drug delivery applications. Liposomes are multicompartment hybrid carriers that are
intended to deliver drugs effectively. eLiposomes, a type of hybrid multi-compartment
carrier, enable the simultaneous delivery of hydrophilic, hydrophobic, and amphiphilic
compounds due to their unique structure. These carriers consist of nanoemulsion drop-
lets encapsulated within a phospholipid bilayer, allowing for efficient drug delivery.
The stability of the nanoemulsions within the confined liposomal space is crucial for
their effectiveness, which is influenced by factors such as {-potential and the fraction of
the dispersed phase. The efficiency of these nanoemulsions depends on their stability,
wherein stable nanoemulsions develop with a (-potential of more than 40 mV and a
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dispersed phase fraction of less than 10%. eLiposomes are stable because of the rapid
Brownian motion of their droplets. Stability and biocompatibility must be balanced for
eLiposomes to be used in real-world applications. Nanoemulsion stability inside lipo-
somes is predicted using Langevin-dynamics simulations [32].
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*.. 32 "rr:: f“’

Figure 9.1: Schematic illustration of eLiposome. Emulsion droplets (green spheres) and therapeutic
compounds (red spheres) are encapsulated in the lipid bilayer (pink). Stealth polymers and active
targeting ligands (blue circles) are found on the exterior of the bilayer. Figure adopted with permission
from Elsevier [32].

Husseini et al. showed that drugs may be delivered to tumor tissue by ultrasound uti-
lizing eLiposomes. Nanocarriers are appropriate for in vivo application since they in-
clude a perfluorocarbon nanoemulsion droplet, which is stable at body temperature.
Experiments were conducted to assess the release of fluorescent calcein molecules
from eLiposomes at different temperatures, without the use of ultrasound. The results
demonstrated that eLiposomes remain stable at body temperature, and as the temper-
ature exceeded 40 °C, the release of calcein from these innovative nanocarriers in-
creased [33].

Fluorescent quantum dots like CdS and CdTe are stabilized using microgels. This
stabilization aids in adjusting the quantum dots’ fluorescence characteristics. Unlike
isolated CdS or microgels alone, quantum dots implanted in microgels, such as CdS in
pNIPAM-co-AA microgels, exhibited photocatalytic activity in dye degradation. 3-
Aminophenylboronic acid-functionalized microgels are capable of measuring glucose
concentrations. Films with optical detection and adjustable permeability may be pro-
duced using these microgels. In response to variations in glucose content, the fluores-
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cence of quantum dots embedded in microgels may be reversibly suppressed and re-
stored, which makes them valuable for optical sensing applications [34].

Rowland Andrew and colleagues studied the production and characteristics of li-
posome-stabilized all-aqueous emulsions using PEG/dextran, PEG/Ficoll, and PEG/sul-
fate systems by two different methods: extrusion and vortexing. The data illustrated
that although droplet uniformity and stability are slightly better for samples made
with extruded vesicles, extrusion is not essential for creating functional microreac-
tors. Emulsions stabilized with vortexed liposomes are equally effective at solute par-
titioning and allow diffusion across the liposome corona of the droplet. This work
broadens the range of compositions available for liposome-stabilized, all-aqueous
emulsion droplet bioreactors, making them suitable for a wider variety of reactions.
By replacing the liposome extrusion step with vortexing, the production time and cost
of bioreactors can be reduced, without significantly lowering emulsion quality [35].

Daniel Dewey and coworkers prepared all-aqueous emulsions stabilized by lipo-
somes for size-controlled, semipermeable bioreactors that preserve ideal interior con-
ditions for biological reactions. The electrostatic stabilization offered by PEGylated,
negatively charged liposomes prevents droplet coalescence even at sub monolayer in-
terfacial coatings. The capacity of DNA and RNA to diffuse in and out of droplets al-
lows for localized reactivity, with partitioning capacity to achieve the required con-
centration. They have demonstrated the potential in biotechnology and medicine
using a ribozyme cleavage process within droplets covered with liposomes [36].

9.2.3 Hybrid system

Hybrid nanocarrier systems that combine micro/nanoemulsions with dendrimers, lip-
osomes, and micelle systems offer a multifaceted approach to drug delivery, enhanc-
ing solubility, stability, targeting, and therapeutic efficacy. Micro/nanoemulsions are
particularly effective in improving the solubility of lipophilic drugs by creating a dis-
persed system that enhances drug dissolution and absorption. Dendrimers, on the
other hand, contribute by providing a highly branched, stable, and protective archi-
tecture that shields sensitive drug molecules from degradation [37, 38].

Functionalization of dendrimers with targeting ligands allows for site-specific de-
livery, directing therapeutic agents to particular cells or tissues and minimizing off-
target effects. The micro/nanoemulsion matrix plays a critical role in modulating the
release kinetics of the encapsulated drug, ensuring a sustained and controlled release
profile that extends the therapeutic effect. Moreover, the synergistic integration of
these two nanostructures enhances drug permeation across biological membranes,
thereby improving overall bioavailability. This hybrid system represents a promising
platform for next-generation drug delivery, particularly in complex conditions requir-
ing precise targeting and prolonged therapeutic action [12].
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Dendrimer-micro/nanogels represent an advanced drug delivery technology in
which drugs are encapsulated using chemical cross-linking methods. A dendrimer, a
highly branched, tree-like macromolecule, is combined with linear polyethylene gly-
col diacrylate to form a cross-linked gel network. Therapeutic agents such as drugs or
genes can be incorporated in situ into the micro/nanoemulsion, which is typically pre-
pared by mixing an oil phase with a surfactant-containing aqueous phase. This emul-
sion is then subjected to a cross-linking process to form a stable and biocompatible
gel matrix.

The efficiency and uniformity of dendrimer-micro/nanogels can be significantly
enhanced through advanced manufacturing techniques such as flow chemistry and
microfluidics. These continuous production methods offer better control over particle
size and morphology compared to conventional batch processes. Additionally, the use
of template-guided synthesis allows for the creation of hybrid materials with more
complex and functional architectures, enabling precise targeting and controlled re-
lease.

By integrating flow chemistry, microfluidic platforms, and template-assisted fab-
rication, dendrimer-micro/nanogels can be further optimized to achieve superior ma-
terial properties and targeted therapeutic outcomes [39].

A promising drug delivery approach involves the development of hybrid systems
that combine the advantages of both liposomes and micelles. Micelles, formed from
amphiphilic block copolymers, offer excellent stability and enhance the solubility of
poorly water-soluble drugs. On the other hand, liposomes — spherical microvesicles
composed of phospholipid bilayers — provide superior biocompatibility and low
immunogenicity, making them ideal carriers for biological applications. In these hy-
brid systems, researchers have either encapsulated charged micelles within liposomes
or linked them to oppositely charged liposomes through electrostatic interactions.
This strategic combination integrates the solubilization capacity of micelles with the
biocompatibility and targeting potential of liposomes. As a result, the hybrid system
exhibits improved drug encapsulation efficiency, enhanced stability, and superior tar-
geting capabilities, offering a robust platform for effective and controlled drug deliv-
ery [40].

Innovative drug delivery methods called liposome-micelle-hybrid (LMH) carriers
enhance the co-formulation and distribution of chemotherapeutics such as paclitaxel
and 5-fluorouracil. Improved permeability and transport across cellular barriers, reg-
ulated release, greater drug loading and solubility, and higher cytotoxicity against
cancer cells are some of the characteristics of this system. LMH carriers, which pro-
vide better therapeutic efficacy and fewer adverse effects for cancer treatment, repre-
sent a potential development in nanomedicine [41].

N-Isopropylacrylamide (NIPAM) was used to create ultra-low cross-linked (ULC)
nanogels, which efficiently stabilize oil-in-water emulsion at low concentrations.
These emulsions remain stable by preventing droplet coalescence and flocculation.
ULC nanogels combine the characteristics of cross-linked particles with flexible mac-
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romolecules. They improve emulsion stability by providing steric barrier-like par-
ticles and stretching uniformly at the interface like polymers. By raising the tempera-
ture, the emulsions stabilized by ULC nanogels can be readily ruptured, demonstrat-
ing their sensitivity to outside stimuli. Because of this special set of characteristics,
ULC nanogels can be used in a variety of fields where enhanced emulsion stability
and responsiveness are advantageous, such as food science and heterogeneous cataly-
sis. This hybrid method improves the functionality and performance of emulsions in
a variety of domains by utilizing the dual properties of ULC nanogels [42].

Olsen et al. showed the pathway to move barium ions across droplets in a water-
in-chloroform emulsion using gold nanoparticles (GNPs) treated with crown ether.
Driven by a concentration gradient, GNPs transport barium ions from source droplets
to target droplets, causing the precipitation of barium sulfate. By using electron trans-
fer or secondary ion transport, the procedure preserves electroneutrality. The prom-
ise of integrating emulsions with nanoparticles for controlled chemical reactions is
highlighted by this technique. This imitates biological ion transport and may be used
to create nanoscale motors and machinery and potential applications in drug deliv-
ery [43].

A novel method for encasing inorganic nanoparticles in block copolymer (BCP)
vesicles was developed by Yu et al. The method used 3D co-assembly of BCPs and NPs
within organic emulsion droplets to enable spontaneous entry of the aqueous phase.
Beyond the critical limits of 0.5, GNPs were encapsulated with high efficiency when
the Dy/d,,, (ratio of the block layer thickness (d,o) to the NP diameter (Dy)) is
0.66 [44].

9.3 Sustainability and eco-friendly emulsion systems

The growing demand for sustainable solutions in drug delivery, food, and environ-
mental applications has led to the development of eco-friendly emulsion systems.
These systems aim to reduce the environmental impact of traditional emulsions by
utilizing renewable, biodegradable, and natural materials. Sustainable emulsions, in-
cluding nanocellulose-based Pickering emulsions, biosurfactant-based emulsions, leci-
thin-based emulsions, and green chemistry approaches, offer promising alternatives
to synthetic surfactants and chemicals.

Nanocellulose-based Pickering emulsions are biodegradable and create stable
emulsions without synthetic surfactants. Biosurfactants derived from microorganisms
or plants provide a natural, safer alternative to traditional surfactants. Lecithin-based
emulsions, sourced from natural materials like soybeans, are widely used for their
stability and safety. Green chemistry approaches in micro/nanoemulsion production
focus on using renewable resources and minimizing the use of harmful chemicals.
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Despite their advantages, challenges remain in optimizing these eco-friendly sys-
tems for performance, scalability, and cost-effectiveness, requiring continued innova-
tion for their broader application.

9.3.1 Current applications and challenges

Numerous applications in the food, pharmaceutical, cosmetic, agricultural industries
and challenges in developing some sustainable and eco-friendly micro/nanoemulsions
have been summarized in Table 9.1.

Table 9.1: Applications and challenges of sustainable and eco-friendly emulsion system.

Emulsion Applications in food/pharma/ Challenges References
cosmetic/agri
Nanocellulose- -  Sustainable substitutes for Significant environmental [45]

based
Pickering
emulsion

synthetic emulsifiers improve
smoothness and stability while
being more environmentally
friendly.

Use for controlled drug
delivery, enhancing the
bioavailability and stability of
active pharmaceutical
ingredients.

They provide improved
stability and texture in
cosmetic formulations,
reducing the need for
synthetic stabilizers.

Delivery of pesticides and
fertilizers, improving efficiency
and reducing environmental
impact.

effect of the bleaching process
during nanocellulose
extraction.

Regulatory framework for
Pickering emulsions is
required.

More study is required,
particularly in low-income
nations, on sustainability and
eco-design.

Insufficient long-term studies
on health effects and
cytotoxicity risks for workers.
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Emulsion Applications in food/pharma/ Challenges References
cosmetic/agri
Biosurfactant- -  Oil and waste frying oil asfat -  Maintaining the precise [46]
based emulsion stabilizers, and anti-spattering manufacturing conditions
agents, enhance texture and needed for biosurfactants can
prolong freshness in products be difficult.
like bread and ice cream. - Compared to synthetic
- Antitumor properties; self- substrates, renewable ones
assembling potential into may be more expensive and
nanoparticles of cyclic less effective.
lipopeptide biosurfactant. - There is minimal information
- Treatment of acne, dandruff, on kinetics and consumption.
and body odors, deodorants, -  Diverse range of applications
nail care products, and requires distinct types of
toothpaste, and as an anti- biosurfactants, making it
wrinkle agent difficult to develop a one-size-
- They enhance soil quality, fits-all solution.
promote plant growth, and act
as biopesticides, contributing
to sustainable farming
practices.
Lecithin-based -  Egg yolk and milk lecithins, - The procedure of choosing a [47, 48]

emulsion recommended for early infant
nutrition due to high content
of sphingolipids as well as
arachidonic and
docosahexaenoic acids.

- Eggyolk lecithins are reported
to be the preferred emulsifiers
for parenteral oil-in-water
emulsions and as a drug
carrier for many
microemulsions.

- Natural phospholipids as
cosmetic emulsifiers allows the
production of natural cosmetic
products, providing skin
hydration and enhancing
dermal penetration.

cosurfactant is intricate and
necessitates nontoxic
substitutes for conventional
alcohols.

- To ensure that biocompatible
oils and surfactants cooperate
without sacrificing stability,
component compatibility is
essential.

- There may be toxicity concerns
at high quantities.

- Intricate formulas are
necessary.
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9.3.2 Green chemistry approaches

Biodegradable emulsifiers, renewable resources, and energy-efficient processes are
essential for the production of sustainable emulsions. These techniques promote sus-
tainability, reduce the demand for fossil fuels, and use less hazardous materials. Recy-
clable catalysts also improve overall production processes and cut waste [49].

Lecithin, derived from natural sources like eggs and soybeans, is biodegradable
and biocompatible. It enhances the bioavailability of hydrophobic drugs through stable
nanoemulsions and is nontoxic, making it ideal for safe, sustainable, and efficient drug
delivery systems [50]. There is an increasing need for natural, environmentally friendly
emulsifiers. Saccharide-based emulsifiers, including sucrose esters (SEs), sorbitan esters,
and alkyl polyglycosides, offer industrial applications with enhanced profitability [51].
Alkyl polyglucosides (APGs) and SEs are emphasized as promising bio-based surfac-
tants. They are biodegradable, biocompatible, and gentle. They perform similarly to
conventional surfactants since they are derived from natural sources. The head groups
on SEs and APGs can stabilize emulsions lowering surface tension. Their synthesis pro-
motes sustainability and safety with green chemistry principles [52]. Moreover, given
the special structural characteristics, cashew nut shell liquid is a sustainable substitute
for petrochemical surfactants. It is an environmentally friendly substitute because of its
exceptional emulsifying, foaming, and wetting characteristics, which help industries in-
cluding medicines, cosmetics, and agriculture [53].

VukaS$inovi¢ et al. designed and developed green emulsifier/emollient-based
emulsion vehicles using sustainable components highlighting the use of a natural
mixed emulsifier (lauryl glucoside/myristyl glucoside/polyglyceryl-6 laurate) and bio-
degradable emollients (Emogreen® L15 and L19). The research indicated that these
green emulsions are good options to use in pharmaceutical and cosmetic applications
since they have a desirable texture, stable and are well-liked by consumers [54]. Addi-
tionally, solid particles, such as silica and polymer-based compounds, are ideal for
creating stable emulsions because they are more resilient to destabilization than tra-
ditional surfactants. Hydrophobic silica and cross-linked polystyrene provides in-
creased stability and utility. By using these solid particles, drug delivery becomes
more stable and effective, lowering the requirement for artificial surfactants and ad-
hering to the green chemistry principles [55].

Zhang et al. emphasized the significance of creating biodegradable, nontoxic
emulsifiers and solvents to create environmentally friendly and sustainable emulsion
systems. The goal of these advancements was to reduce the environmental harm
caused by traditional techniques, which may include dangerous chemicals. By apply-
ing the principles of green chemistry, scientists can produce solvents and emulsifiers
that break down organically and cause minimal harm to ecosystems and human
health. This improvement supports environmental sustainability and aligns with in-
creasing regulatory requirements for safer, more responsible chemical processes in
industrial application [56].
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9.4 Future prospect

Artificial intelligence (AI) is revolutionizing pharmaceutical formulation development
by improving accuracy and efficiency. Compared to traditional trial-and-error meth-
ods, Al algorithms can analyze large datasets to identify patterns and enhance formu-
lations, saving time and money. AT’s ability to predict a drug’s solubility, stability, and
bioavailability enables early formulation selection. Machine learning algorithms can
optimize formulation parameters, including the surfactant content in microemulsion,
to achieve desired attributes. Additionally, AI can tailor formulations to individual pa-
tients’ requirements, increasing treatment efficacy and reducing adverse effects. Fu-
ture applications include automated formulation development, real-time monitoring,
and better drug delivery techniques. While microemulsion offers flexible and efficient
drug delivery, Al increases the accuracy and efficiency of formulation development. The
integration of these technologies has the potential to revolutionize drug manufacturing
and delivery, paving the way for more effective and personalized treatments [57-60].
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