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Abstract

Nanoemulsion systems have emerged as a highly versatile and efficient platform for drug
delivery and targeting, offering significant therapeutic potential across a spectrum of medical
applications. This comprehensive review explores the fundamental composition and properties
of nanoemulsions, their various types, and the advanced methodologies employed in their
preparation. The mechanisms by which nanoemulsions enhance drug solubilization and
stabilization, facilitate controlled and targeted release, and improve penetration and permeation
across biological barriers are critically analyzed. Additionally, the review delves into the
applications of nanoemulsions in cancer therapy, infectious diseases, and chronic conditions
such as diabetes and Alzheimer’s disease, highlighting recent advancements in site-specific
targeting, receptor-mediated endocytosis, and stimuli-responsive systems. The role of
nanoemulsions in enhancing bioavailability, overcoming biological barriers, and enabling
effective oral and transdermal delivery is examined through recent clinical studies and case
analyses. Furthermore, regulatory considerations and challenges in the clinical translation of
nanoemulsion formulations are discussed. The review concludes with a summary of current
insights and future directions, emphasizing the ongoing need for interdisciplinary research and
technological innovation to fully harness the capabilities of nanoemulsion systems in
advancing therapeutic outcomes.
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1. INTRODUCTION sophisticated class of colloidal dispersions
Nanoemulsions, characterized by their  comprising two immiscible liquids stabilized
submicron droplet size typically ranging from by surfactants or other stabilizing agents.
20 to 200 nanometers, represent a These systems are thermodynamically
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unstable yet kinetically stable, offering unique
physicochemical properties that distinguish
them from conventional emulsions. The high
surface area-to-volume ratio inherent in
nanoemulsions facilitates enhanced interaction
with  biological ~ membranes,  thereby
optimizing the delivery and efficacy of
encapsulated bioactive compounds (Das et al.,
2020; Demisli et al., 2020).
The fabrication of nanoemulsions can be
achieved through various methods, including
high-energy approaches such as high-pressure
homogenization and ultrasonication, as well as
low-energy techniques like phase inversion
temperature and spontaneous emulsification.
Each method influences the final properties of
the nanoemulsion, including droplet size
distribution, viscosity, and stability, which are
critical parameters for their application in
diverse fields ranging from food science to
pharmaceuticals (Das et al., 2020; Demisli et
al., 2020).
Significance in Drug Delivery
The application of nanoemulsion systems in
drug delivery has garnered substantial
attention due to their ability to encapsulate
both hydrophilic and lipophilic drugs, thereby
enhancing solubility, bioavailability, and
The

dimensions of these emulsions facilitate

therapeutic  efficacy. nanoscale
passive and active targeting mechanisms,

enabling precise delivery to specific tissues or
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cellular compartments while minimizing
systemic side effects (Garcia et al., 2021).
One of the

pivotal advantages of

nanoemulsions in drug delivery is their
capacity to protect sensitive therapeutic agents
from degradation. For instance, encapsulating
essential oils within nanoemulsions not only
stabilizes  these compounds against
environmental factors but also augments their
antimicrobial and anticancer activities, as
demonstrated in studies involving Thymus
vulgaris oil nanoemulsions (Doghish et al.,
2023).

nanoemulsion

Moreover, the versatility of

formulations  allows  for
controlled and sustained release profiles,
which are critical for maintaining therapeutic

drug levels over extended periods (Jiang et al.,

2022).

In the realm of antimicrobial therapy,
nanoemulsions have been employed to
enhance the efficacy of conventional

antibiotics and natural antimicrobials. Garcia
et al. (2021) elucidate how nanoemulsion
delivery systems improve the penetration and
retention of antimicrobial agents at the site of
infection, thereby overcoming issues related to
drug resistance and limited bioavailability.
Similarly, Jiang et al. (2022) demonstrated the
potent antifungal activity of hop essential oil
nanoemulsions against Fusarium
graminearum, highlighting their potential in

agricultural and clinical settings.
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Furthermore, the integration of nanoemulsion-
based hydrogels presents a promising avenue
for localized drug delivery applications.
(2020)

encapsulation of lipophilic compounds within

Demisli et al. explored the

nanoemulsion-based hydrogels, showecasing
their enhanced stability and controlled release
characteristics. This multifunctional platform
not only facilitates the targeted delivery of
therapeutic agents but also offers improved
patient compliance and reduced dosing
frequency.

Despite the myriad advantages, the translation
of nanoemulsion systems from bench to
bedside

challenges. These include ensuring long-term

necessitates addressing  several
stability, scalability of production processes,
and comprehensive understanding of their
interactions with biological systems. Future
should

formulation

research focus on optimizing

parameters, elucidating the
mechanisms of drug release and targeting, and
conducting rigorous in vivo studies to validate
their clinical efficacy and safety (Garcia et al.,
2021; Doghish et al., 2023).

In  conclusion, nanoemulsion  systems
epitomize a versatile and multifunctional
platform with significant therapeutic potential
in drug delivery and targeting. Their ability to
enhance the solubility, stability, and
bioavailability of therapeutic agents, coupled

with their capacity for targeted delivery,
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underscores their pivotal role in advancing

pharmaceutical ~ formulations.  Continued
interdisciplinary efforts and technological
advancements are imperative to fully harness
the capabilities of nanoemulsions, thereby
translating their promising attributes into
tangible clinical benefits.

Fundamentals of Nanoemulsion Systems
Composition and Properties

Nanoemulsions  are intricate  systems
composed of two immiscible liquid phases,
typically oil and water, stabilized by
surfactants or co-surfactants. The choice of
components is pivotal in determining the
stability, size, and functionality of the
resulting nanoemulsion. The oil phase can
encompass a variety of lipid-based substances,
including essential oils, fatty acids, and
lipophilic drugs, which serve as carriers for
bioactive compounds (Kumar et al., 20223;
Kumar et al., 2022b). The aqueous phase
generally contains water and may include
electrolytes or other solubilizing agents to
enhance the dispersion of the oil droplets.
Surfactants are critical in reducing the
interfacial tension between the oil and water
phases, thereby facilitating the formation of
stable nano-sized droplets. The hydrophilic-
lipophilic balance (HLB) of the surfactant
determines its suitability for either oil-in-water
(O/W) or water-in-oil (W/O) nanoemulsions.

Co-surfactants, such as alcohols or short-chain
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fatty acids, are often employed alongside
primary surfactants to further stabilize the
nanoemulsion by providing additional
interfacial film strength and reducing the
required surfactant concentration (Kumar et
al., 2022a).

The

nanoemulsions,

physicochemical properties of

including  droplet size,
polydispersity index (PDI), viscosity, and zeta
potential, are critical determinants of their
stability and performance. Smaller droplet
sizes (typically below 200 nm) enhance the
kinetic stability of nanoemulsions by reducing
the rate of creaming and coalescence, thereby
extending their shelf life (Li et al., 2022). A
low PDI indicates a uniform droplet size
distribution, which is desirable for consistent
performance and predictable release profiles.
Viscosity influences the flow behavior and
ease of application, particularly in topical
formulations, while zeta potential provides
insights into the electrostatic stability of the
nanoemulsion by indicating the degree of
repulsion between droplets (Ghazy et al.,
2020).

Furthermore, the thermodynamic properties of
nanoemulsions, such as phase behavior and
interfacial rheology, play significant roles in
their formation and stability. The interplay
between entropy and enthalpy during the
emulsification process determines the final

structure and robustness of the nanoemulsion
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system. Advanced characterization techniques,
including dynamic light scattering (DLYS),
transmission electron microscopy (TEM), and
(NMR)

spectroscopy, are essential for elucidating

nuclear ~ magnetic  resonance
these properties and optimizing nanoemulsion
formulations (Nanoemulsion-based approach
to preserve muscle food, 2024).

TYPES OF NANOEMULSIONS
Nanoemulsions can be broadly categorized
based on their internal phase structures and
The

include oil-in-water (O/W),

preparation methodologies. primary
classifications
water-in-oil (W/O), and multiple emulsions
such as water-in-oil-in-water (W/O/W) or oil-
in-water-in-oil (O/W/O).

Oil-in-Water (O/W) Nanoemulsions

These are the most commonly utilized
nanoemulsions in pharmaceutical and food
applications due to their compatibility with
o/w

nanoemulsions, oil droplets are dispersed

aqueous environments. In
within a continuous aqueous phase, making
them suitable for delivering lipophilic drugs
and bioactive compounds. They are
extensively employed in oral, topical, and
injectable formulations owing to their ease of
administration and enhanced bioavailability
(Kumar et al., 2022a; Kumar et al., 2022D).
Water-in-Oil (W/O) Nanoemulsion

In contrast, W/O nanoemulsions consist of

water droplets dispersed within a continuous
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oil phase. These systems are particularly
advantageous for encapsulating hydrophilic
substances and providing a protective barrier
W/O

nanoemulsions are often utilized in cosmetic

against  environmental  factors.

and dermatological applications where

sustained release and enhanced skin
penetration of active ingredients are desired
(Lietal., 2022).

Multiple Emulsions

Multiple emulsions, such as W/O/W and
O/WI/O, involve the encapsulation of one type
of emulsion within another. These complex
structures offer advanced functionalities,
including multi-phase drug delivery, where
different therapeutic agents can be released in
a sequential or controlled manner. Multiple
emulsions are advantageous for targeted
delivery and protecting sensitive compounds
from degradation, thereby expanding the
therapeutic potential of nanoemulsion systems
(Nanoemulsion-based approach to preserve
muscle food, 2024).

Additionally, specialized nanoemulsion types,
such as Pickering emulsions stabilized by
solid particles instead of surfactants, and self-
emulsifying drug delivery systems (SEDDS),
which spontaneously form nanoemulsions
upon contact with gastrointestinal fluids, are
innovative

emerging as approaches to

overcome conventional limitations and

enhance the wversatility of nanoemulsion
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applications (Kumar et al., 2022a; Kumar et
al., 2022b).

METHODOLOGIES
NANOEMULSION PREPARATION

The preparation of nanoemulsions involves a

FOR

delicate balance between energy input,

component  selection, and  processing
conditions. The methodologies can be broadly
classified into high-energy and low-energy
techniques, each with distinct advantages and
limitations.

High-Energy Methods: These techniques

rely on the application of significant
mechanical forces to achieve the reduction of
droplet size and the formation of a stable
nanoemulsion. Common high-energy methods
include:

o High-Pressure Homogenization:
This method involves forcing the pre-
mixed oil and water phases through a
narrow gap under high pressure,
creating intense shear forces that break
down larger droplets into nano-sized
particles. High-pressure
homogenization is favored for its
scalability and ability to produce
consistent and fine nanoemulsions,
making it suitable for industrial

applications (Kumar et al., 2022a).

e Ultrasonication: Ultrasonic waves
generate cavitation bubbles in the

liquid, which collapse violently and
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create shock waves that disperse the

droplets into the nano range.
Ultrasonication is highly effective for
producing nanoemulsions with narrow
size distributions and is particularly
useful for heat-sensitive formulations
due to the short processing times
involved (Ghazy et al., 2020).
e Microfluidization: Similar to high-
pressure homogenization,
microfluidization employs high shear
and impact forces to produce
nanoemulsions. This technique offers
precise control over droplet size and is
advantageous for formulations
requiring high stability and minimal
surfactant use (Kumar et al., 2022a).
Methods:

exploit the

Low-Energy Low-energy

techniques inherent
physicochemical properties of the formulation
components to facilitate nanoemulsion
formation with minimal external energy input.
Common low-energy methods include:

e Phase Inversion Temperature (PIT):
PIT involves gradually increasing the
temperature of the oil and surfactant
mixture until the system inverts from
O/W to W/O or vice versa. This
temperature-induced inversion reduces
interfacial tension, allowing for the
spontaneous formation of

nanoemulsions. PIT is advantageous
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for its simplicity and energy
efficiency, although it may be limited
by the thermal sensitivity of the
formulation components
(Nanoemulsion-based approach to
preserve muscle food, 2024).

This

method relies on the diffusion of the

e Spontaneous Emulsification:
dispersed phase into the continuous

phase upon mixing, driven by
differences in solubility and interfacial
tension. Techniques such as the self-
emulsifying drug delivery
(SEDDS) fall under this category,

where gentle agitation (e.g., stirring)

system

leads to the  formation  of

nanoemulsions without the need for

high mechanical energy (Kumar et al.,
2022a).

e Solvent Displacement: In solvent

displacement, a solvent containing the

oil phase and surfactants is rapidly

mixed with a non-solvent, causing the

oil to precipitate into nano-sized

droplets. This method is particularly

useful for incorporating hydrophobic

drugs and achieving uniform droplet

sizes (Kumar et al., 2022Db).
Hybrid Methods

Combining high-energy and low-energy

approaches can synergistically enhance

nanoemulsion stability and performance. For
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instance, initial high-energy homogenization
can be followed by low-energy phase
inversion to refine droplet size and improve
uniformity. Hybrid methods offer flexibility in
tailoring nanoemulsion properties to specific
application requirements (Li et al., 2022).
Advanced Techniques

Emerging methodologies, such as
microfluidic-based synthesis and membrane
emulsification, provide precise control over
droplet size and distribution by manipulating
flow dynamics and interfacial phenomena at
the microscale. These advanced techniques
hold promise for the production of highly
uniform and  stable nanoemulsions,
particularly for specialized pharmaceutical
and biotechnological applications (Li et al.,
2022).

In summary, the preparation methodologies
for nanoemulsions are diverse and must be
carefully selected based on the desired
properties, scalability, and application-specific
requirements. High-energy methods offer
robust and scalable solutions for large-scale
production, while

low-energy techniques

provide energy-efficient alternatives for
sensitive and specialized formulations. The
continuous  evolution of nanoemulsion
preparation technologies underscores their
expanding role in innovative drug delivery

and therapeutic applications.
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MECHANISMS OF DRUG DELIVERY
USING NANOEMULSIONS

Nanoemulsions have emerged as a versatile
and highly efficient platform for

their

drug

delivery, owing to unique

physicochemical properties and the ability to
enhance the

therapeutic  efficacy  of

encapsulated agents. This section delves into

the fundamental mechanisms by which
nanoemulsions  facilitate drug delivery,
focusing on drug solubilization and

stabilization, controlled and targeted release
mechanisms, and penetration and permeation
enhancement.

Drug Solubilization and Stabilization

One of the primary challenges in drug delivery
is the limited solubility of many therapeutic
agents,  particularly

lipophilic  drugs.

Nanoemulsions address this issue by
providing a solubilizing environment that
enhances the bioavailability of poorly soluble
drugs. The oil phase of nanoemulsions can
incorporate  lipophilic  drugs, effectively
increasing their solubility and preventing
precipitation upon dilution in physiological
conditions (Wilson et al., 2021).

The

nanoemulsions is

stabilization ~ of  drugs  within

achieved through the

formation of a robust interfacial layer,
typically comprising surfactants and co-
This

tension but

surfactants. layer not only reduces

interfacial also shields the
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encapsulated drug from degradation caused by
environmental factors such as light, oxygen,
and enzymatic activity. For instance, Sarheed
et al. (2020) demonstrated that alginate-based
(O/w)
effectively stabilized the drug, enhancing its

oil-in-water lidocaine nanocarriers
shelf-life and therapeutic efficacy.

Moreover, the nanoscale size of the droplets in
uniform

nanoemulsions facilitates a

distribution of the drug, minimizing
aggregation and ensuring consistent dosing.
This uniformity is critical for achieving
predictable pharmacokinetics and
pharmacodynamics, which are essential for
the safe and effective use of therapeutic agents
(Wilson et al., 2021).

Nanoemulsions also play a pivotal role in
protecting sensitive drugs from premature
(2022a)

highlighted the use of nanoemulsions in

degradation. Moghassemi et al.

photodynamic therapy, where the
encapsulation of photosensitizers  within
nanoemulsions  protected  them  from
photobleaching and degradation, thereby

maintaining their therapeutic activity over
extended periods. This protective effect is
crucial for drugs that are prone to instability,
ensuring that they retain their efficacy until
they reach the target site.
CONTROLLED AND
RELEASE MECHANISMS

TARGETED
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Controlled and targeted drug release is critical
for maximizing therapeutic outcomes while
minimizing adverse effects. Nanoemulsions
offer sophisticated mechanisms to achieve
both controlled and targeted delivery through
various  strategies, including  stimulus-
responsive release, surface modification, and
ligand-mediated targeting.

Controlled Release

Nanoemulsions can be engineered to provide
sustained and controlled release of drugs,
maintaining therapeutic drug levels over
This

manipulating the composition and structure of

extended periods. is achieved by

the nanoemulsion. For example, the

incorporation of biodegradable polymers
within the oil phase can create a diffusion
barrier that regulates the release rate of the
encapsulated drug (Wilson et al., 2021).
(2024) demonstrated that
edible

coatings could provide a controlled release of

Sharma et al.
essential oil-nanoemulsion-based
active compounds, enhancing the preservation

of fresh-cut fruits and vegetables by
maintaining consistent antimicrobial activity.
Stimulus-Responsive Release

Advancements in nanoemulsion technology
have led to the development of stimulus-
responsive systems that release drugs in
response to specific physiological triggers
such as pH, temperature, or

(2021) explored

enzymatic

activity. Zhang et al.
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biomimetic nanoemulsions designed for
synergistic photodynamic-immunotherapy
against hypoxic breast tumors. These

nanoemulsions were engineered to release
therapeutic agents upon exposure to light,
ensuring localized treatment and minimizing
systemic toxicity.
Targeted Delivery
Targeted drug delivery is achieved by
modifying the surface of nanoemulsions with
ligands that recognize and bind to specific
receptors on target cells or tissues. This active
targeting strategy enhances the accumulation
of the drug-loaded nanoemulsion at the
desired site, thereby increasing therapeutic
efficacy and
Moghassemi et al. (2022c) illustrated the

reducing off-target effects.

potential of nanoemulsions in photodynamic
therapy by functionalizing them with targeting
moieties that directed the photosensitizers to
cancer cells, thereby enhancing the specificity
and effectiveness of the treatment.

Additionally, the enhanced permeability and
retention (EPR) effect, a phenomenon where
nano-sized particles preferentially accumulate
in tumor tissues due to their leaky vasculature,
facilitates passive targeting of nanoemulsions
to cancerous sites. This passive targeting
mechanism is particularly advantageous for
delivering chemotherapeutic agents, as it

allows for higher drug concentrations at the
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tumor site while minimizing exposure to
healthy tissues (Wilson et al., 2021).
PENETRATION AND PERMEATION
ENHANCEMENT

Effective drug delivery systems must ensure
that therapeutic agents penetrate biological
barriers and permeate target tissues to exert
their pharmacological effects. Nanoemulsions
enhance penetration and permeation through
several mechanisms, including the reduction
of droplet size, alteration of membrane
fluidity, and the presence of permeation
enhancers.

Reduction of Droplet Size

The

facilitates their interaction with biological

nanoscale size of nanoemulsions
membranes, promoting deeper penetration into
tissues and cells. Smaller droplets exhibit
higher surface area-to-volume ratios, which
enhances their ability to traverse biological
barriers such as the stratum corneum in topical
applications or the intestinal epithelium in oral
delivery systems (Shehabeldine et al., 2023).
Alteration of Membrane Fluidity
Nanoemulsions can modify the fluidity and
permeability of biological membranes, thereby
enhancing drug transport across these barriers.
The

nanoemulsions interact with membrane lipids,

surfactants and lipids present in
disrupting the lipid bilayer and increasing
membrane fluidity. This disruption facilitates

the translocation of drugs across cellular
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membranes, improving their bioavailability
and therapeutic efficacy (Sarheed et al., 2020).
Presence of Permeation Enhancers

Incorporating permeation enhancers within
further

nanoemulsion  formulations can

augment drug permeation. Permeation
enhancers such as ethanol, oleic acid, and
surfactants can disrupt tight junctions between
epithelial cells, creating transient pathways for
drug molecules to diffuse through (Sharma et
al., 2022). For example, the ultrasound-
extract
(2020)

demonstrated enhanced antibacterial activity

assisted  preparation of anise

nanoemulsions by Ghazy et al.
against pathogenic bacteria, attributed to
improved penetration and permeation of the
active compounds.

Enhanced Absorption and Retention
Nanoemulsions facilitate enhanced absorption
of drugs by increasing their residence time at
The

physicochemical properties, such as viscosity

the absorption site. formulation's
and droplet size, can be tailored to optimize
retention and absorption. Xu et al. (2023)
investigated the adsorption characteristics and
diffusion of nanoemulsions in tight sandstone
reservoirs, highlighting the importance of
nanoemulsion

optimized properties  for

effective drug delivery in challenging
environments.

Synergistic Interactions
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The combination of multiple mechanisms can
result in synergistic enhancements in drug
penetration and permeation. For instance, the
use of essential oil nanoemulsions in edible
coatings not only provides antimicrobial
activity but also improves the penetration of
these agents into microbial cells, thereby
enhancing their efficacy (Sharma et al., 2024).
Similarly, the synergistic effects observed in
photodynamic-immunotherapy nanoemulsions
underscore the potential of nanoemulsions to
facilitate complex therapeutic interventions
through enhanced penetration and permeation
(Zhang et al., 2021).

APPLICATIONS IN THERAPEUTICS
Nanoemulsions have revolutionized the
landscape of therapeutic applications by
enhancing the delivery, efficacy, and
specificity of a wide array of therapeutic
Their

properties, such as small droplet size, large

agents. unique  physicochemical
surface area, and versatility in encapsulating
both hydrophilic and lipophilic drugs, make
them indispensable in modern medicine. This
section explores the multifaceted applications
of nanoemulsions in cancer therapy, infectious
diseases, and chronic diseases like diabetes
and Alzheimer’s, leveraging recent studies
and advancements to underscore their
therapeutic potential.

Nanoemulsions in Cancer Therapy

Peer Reviewed



c'\<) PEXACY International Journal of Pharmaceutical Science

Pexacy

Cancer therapy demands precise and effective
delivery systems to maximize therapeutic
outcomes while minimizing adverse effects.
Nanoemulsions have emerged as pivotal tools
in this domain due to their ability to
encapsulate chemotherapeutic agents, protect
them from degradation, and facilitate targeted
delivery to tumor sites.

Enhanced Drug Delivery and Targeting
Nanoemulsions improve the solubility and
stability of hydrophobic anticancer drugs,
enhancing their bioavailability and therapeutic
efficacy. Jamir et al. (2023) highlighted the
encapsulation of plant-based essential oils in
nanoemulsions,  demonstrating  enhanced
anticancer activities against various cancer
cell lines. The nanoscale size allows for
enhanced permeation and retention (EPR)
effect, which facilitates the accumulation of
nanoemulsions in tumor tissues due to the
leaky vasculature characteristic of
malignancies (Jamir et al., 2023).

Controlled and Sustained Release

The ability to engineer nanoemulsions for
controlled and sustained drug release is crucial
in maintaining therapeutic drug levels over
extended periods, thereby reducing the
frequency of administration and improving
patient compliance. Ranjbar et al. (2023)
discussed lipid-based nanoemulsions for
flavonoid delivery, emphasizing their role in

providing a controlled release profile that
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enhances the anticancer efficacy of flavonoids
by maintaining optimal drug concentrations at
the tumor site (Ranjbar et al., 2023).
Combination Therapies

Nanoemulsions facilitate the co-delivery of
multiple  therapeutic

agents,  enabling

synergistic effects that enhance cancer
treatment outcomes. Sivadasan et al. (2021)
explored polymeric lipid hybrid nanoparticles,
a form of nanoemulsion, for the co-delivery of
chemotherapeutic drugs and siRNA. This
dual-delivery system not only targets cancer
cells more effectively but also downregulates
specific oncogenes, thereby enhancing the
overall anticancer efficacy (Sivadasan et al.,
2021).

Targeted Delivery Mechanisms
Functionalization of nanoemulsions with
targeting ligands such as antibodies, peptides,
or folic acid can direct the delivery system
specifically to cancer cells, thereby increasing
the therapeutic index and reducing off-target
toxicity. For instance, Khan et al. (2021)
developed chitosan-based nanoemulsion gels
containing microbial secondary metabolites
with antifungal and anticancer activities. The
chitosan coating provided mucoadhesive
properties and facilitated targeted delivery to
cancerous tissues, enhancing the specificity
and effectiveness of the therapeutic agents
(Khan et al., 2021).

Overcoming Drug Resistance
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Nanoemulsions can circumvent multidrug
resistance (MDR) mechanisms in cancer cells
by facilitating the intracellular delivery of
drugs, thereby bypassing efflux pumps that
typically expel chemotherapeutic agents.
Suman et al. (2023) demonstrated the efficacy
of micro-nanoemulsions in delivering anti-
tubercular drugs, highlighting their potential
to overcome drug-resistant strains by ensuring
adequate drug concentrations within the cells
(Suman et al., 2023).

ROLE IN INFECTIOUS DISEASES
Infectious diseases, ranging from bacterial and
viral infections to fungal pathogens, pose
significant  global  health  challenges.
Nanoemulsions offer innovative solutions for
the delivery of antimicrobial agents,
enhancing their efficacy and reducing the
likelihood of resistance development.
Antimicrobial Delivery

Nanoemulsions enhance the delivery of

antimicrobial agents by improving their

solubility, stability, and bioavailability. Jamir
et al. (2023) emphasized the encapsulation of

essential oils in nanoemulsions, which
exhibited potent antimicrobial activities
against a  spectrum  of  pathogenic

microorganisms. The enhanced surface area of
nanoemulsions facilitates better interaction

with  microbial membranes, leading to
increased antimicrobial efficacy (Jamir et al.,

2023).
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Synergistic Antimicrobial Effects

Combining nanoemulsions with antimicrobial
agents can result in synergistic effects, where
the combined action is greater than the sum of
Khan et al. (2021)
developed chitosan-based nanoemulsion gels

individual effects.
containing microbial secondary metabolites
with effective antifungal activity. The
synergistic interaction between chitosan and
the encapsulated metabolites significantly
enhanced the antifungal efficacy, making it a
promising approach for combating fungal
infections (Khan et al., 2021).

Overcoming Biofilm Formation

Biofilms, which are complex communities of
microorganisms adhering to surfaces, are
notoriously difficult to eradicate due to their
inherent resistance to antimicrobial agents.
Nanoemulsions can penetrate biofilms more
effectively than conventional formulations,
delivering antimicrobial agents directly to the
microbial cells within. Shehabeldine et al.
(2023) demonstrated that nanoemulsions
containing Syzygium aromaticum essential oil
exhibited significant antibiofilm activities,
disrupting established biofilms and enhancing
the eradication of pathogenic bacteria
(Shehabeldine et al., 2023).

Targeted Antiviral Delivery

Nanoemulsions can be engineered to target
specific viral entry points, enhancing the

delivery of antiviral agents directly to infected
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This

improves the antiviral

cells. targeted approach not only
efficacy but also
reduces systemic side effects. Hussain et al.
(2023)

nanoemulsion gels for nose-to-brain delivery

explored mucoadhesive cationic
of valproic acid, highlighting the potential of
nanoemulsions in delivering antiviral agents to
specific anatomical sites, thereby enhancing
therapeutic outcomes (Hussain et al., 2023).

APPLICATION IN CHRONIC DISEASES
LIKE DIABETES AND ALZHEIMER’S

Chronic diseases such as diabetes and

Alzheimer’s  disease require long-term
management strategies that ensure sustained
therapeutic efficacy and minimize adverse
effects. Nanoemulsions offer promising
solutions for the targeted and controlled
delivery of therapeutic agents in these chronic
conditions.

Diabetes Management

Effective management of diabetes involves the
precise delivery of insulin and other
antidiabetic agents to maintain optimal blood
glucose levels. Nanoemulsions can enhance
the oral bioavailability of insulin, a peptide
drug typically degraded in the gastrointestinal
tract. Ranjbar et al. (2023) discussed lipid-
based nanoemulsions for flavonoid delivery,
which can be adapted for the encapsulation
and protection of insulin, ensuring its stability
release in

and controlled the systemic

circulation (Ranjbar et al., 2023).
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Neuroprotective Agents for Alzheimer’s
Disease

Alzheimer’s disease necessitates the delivery
of neuroprotective agents across the blood-
brain barrier (BBB), a formidable obstacle for
most therapeutic agents. Hussain et al. (2023)
developed mucoadhesive cationic
nanoemulsion gels for nose-to-brain delivery,
demonstrating improved delivery of valproic
acid to the brain. This approach can be
extended to other neuroprotective agents,
facilitating their targeted delivery to the
central nervous system and enhancing their
therapeutic efficacy in Alzheimer’s disease
(Hussain et al., 2023).
Anti-inflammatory and Antioxidant
Therapies

Chronic diseases often involve persistent

inflammation and oxidative stress,

necessitating  the  delivery of  anti-
inflammatory and antioxidant agents. Jamir et
al. (2023) highlighted the encapsulation of
plant-based essential oils in nanoemulsions,
which exhibited significant anti-inflammatory
and antioxidant properties. These properties
are crucial in managing chronic conditions by
mitigating  inflammatory  responses and
oxidative damage at the cellular level (Jamir et
al., 2023).

Sustained Release Formulation
Nanoemulsions can be engineered to provide
release of

sustained therapeutic agents,
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ensuring consistent therapeutic levels over
This s

beneficial in chronic disease management,

extended periods. particularly
where maintaining stable drug concentrations
is essential for long-term efficacy. Ranjbar et
al. (2023) emphasized the role of lipid-based
nanoemulsions in providing controlled release
profiles, which can be tailored to suit the
pharmacokinetic requirements of chronic
disease therapies (Ranjbar et al., 2023).
Improved Patient Compliance

The ability of nanoemulsions to facilitate non-
invasive delivery routes, such as oral, nasal,
and transdermal, enhances patient compliance
by reducing the need for frequent injections
and minimizing discomfort. Sivadasan et al.
lipid hybrid
nanoparticles, which can be formulated into

(2021) discussed polymeric

user-friendly dosage forms, thereby improving
adherence to therapeutic regimens in chronic
disease patients (Sivadasan et al., 2021).
Personalized Medicine

Nanoemulsions offer the flexibility to
customize formulations based on individual
patient  needs,

enabling  personalized

therapeutic strategies. By adjusting the

composition, size, and surface properties of
nanoemulsions, therapies can be tailored to
optimize drug delivery profiles for specific
patient  populations,

thereby  enhancing

treatment outcomes in chronic diseases

(Sivadasan et al., 2021).
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ADVANCEMENTS IN
DRUG DELIVERY
Nanoemulsions have significantly advanced

TARGETED

the field of targeted drug delivery, offering
enhanced precision, efficiency, and specificity
in therapeutic applications. Recent innovations
focus on improving site-specific targeting,
optimizing receptor-mediated endocytosis,
and developing stimuli-responsive systems.
These advancements leverage the unique
physicochemical properties of nanoemulsions,
such as their small droplet size, large surface
area, and versatility in encapsulating both
hydrophilic and lipophilic drugs. This section
explores these key advancements, integrating
recent studies to highlight the transformative
potential of nanoemulsion-based drug delivery
systems.

Site-specific Targeting

Site-specific  targeting aims to deliver
therapeutic agents directly to the diseased site,
thereby while

maximizing efficacy

minimizing systemic side effects.

Nanoemulsions facilitate site-specific

targeting  through  their  customizable
composition and surface functionalities.
Membrane-assisted Nanoemulsification
Mondal et al. (2024) introduced a sustainable
production method for nanoemulsions using
membrane-assisted nanoemulsification with
novel aroma-based hydrophobic deep eutectic

solvents. This approach not only enhances the
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antifungal activities of the nanoemulsions but
also allows for precise control over droplet
size and distribution, which are critical for
targeting specific tissues or cells. The ability
to tailor the physicochemical properties of
nanoemulsions ensures that therapeutic agents
are efficiently delivered to the intended site of
action, reducing off-target effects and
improving overall treatment outcomes.
Biopolymer-based Stabilization

The incorporation of natural biopolymers into
nanoemulsion formulations enhances their
stability and biocompatibility, which are
essential for effective site-specific targeting.
Biological and thermodynamic stabilization of
lipid-based delivery systems through natural
biopolymers. These biopolymers can be

engineered to respond to  specific

physiological conditions, such as pH or
enzymatic activity, enabling the
nanoemulsions to release their payload

precisely at the target site. For example,
chitosan-based nanoemulsions, as explored by
Chaudhary  (2023),

properties that enhance the retention and

offer mucoadhesive
targeting of drugs to mucosal tissues, such as
those in the nasal or oral cavities, facilitating
localized therapy with reduced systemic
exposure.

Nature-inspired Nanomaterials

(2024)

advancements in green synthesis of nature-

Rasool et al. emphasized the
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inspired nanomaterials, which contribute to
biological sustainability and effective site-
specific targeting. These nanomaterials can be
functionalized with targeting ligands derived
from natural sources, improving the
specificity of nanoemulsions for particular cell
types or tissues. The use of environmentally
friendly synthesis methods ensures that the
resulting nanoemulsions are not only effective
but also biocompatible and safe for clinical
applications.

RECEPTOR-MEDIATED
ENDOCYTOSIS

Receptor-mediated endocytosis is a crucial
mechanism by which nanoemulsions achieve
targeted drug delivery. By exploiting specific
receptor-ligand interactions on the surface of
target cells, nanoemulsions can enhance
cellular uptake and intracellular drug delivery.
Functionalization with Targeting Ligands
Functionalizing the surface of nanoemulsions
with ligands that bind to specific receptors on
target cells enhances receptor-mediated
endocytosis. For instance, Venkatesan et al.
(2022)
nanoemulsion using water, transcutol, lecithin,
and M-812 for

contamination. This study demonstrates the

developed a green cationic

treating oxytetracycline

potential of functionalized nanoemulsions to
interact with specific biological targets,

facilitating the targeted delivery  of

antimicrobial agents. Similarly, Khezerlou et
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al. (2021) highlighted the use of biodegradable
biopolymer-based packaging materials, which
can be adapted for drug delivery by attaching
targeting ligands to the nanoemulsion surface,
thereby directing the therapeutic agents to
specific cell types such as cancer cells.
Biocompatible Surfactants

Venkatesan et al. (2022) discussed the use of
biocompatible surfactants in green cationic
nanoemulsions, which facilitate receptor-
mediated interactions with target cells. These
surfactants not only improve the stability and
biocompatibility of the nanoemulsions but
also enhance their ability to interact with cell
membranes, promoting efficient receptor-
mediated endocytosis. The use of sustainable
and biocompatible surfactants aligns with the
broader goal of developing safe and effective
drug delivery systems that can be utilized in
clinical settings without adverse effects.
Stimuli-responsive Systems
Stimuli-responsive nanoemulsions represent a
significant advancement in targeted drug
delivery, allowing for controlled and on-
demand drug release in response to specific
external or internal stimuli. These systems
enhance the precision and efficacy of drug
delivery by ensuring that therapeutic agents
are released only at the desired site and time.
Temperature and pH-responsive Systems
Advances in nanoemulsion design have

enabled the development of systems that
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respond to temperature and pH changes.
Mondal et al. (2024) utilized aroma-based
deep eutectic solvents to create nanoemulsions
with enhanced responsiveness to
environmental changes, facilitating controlled
drug release in response to thermal or pH
shifts. These responsive systems can be
engineered to release drugs in the slightly
acidic environment of tumors or in response to
externally applied heat, providing precise

control over drug delivery kinetics.

Magnetic and  Ultrasound-responsive
Systems
Integrating  magnetic  nanoparticles  or

ultrasound-sensitive components into

nanoemulsions offers additional layers of
control for targeted drug delivery. Mondal et
al. (2024) demonstrated

production of nanoemulsions with enhanced

the sustainable

antifungal activities, which can be adapted to

incorporate magnetic  nanoparticles  for
magnetically guided drug delivery. Similarly,
ultrasound-responsive nanoemulsions can be
designed to release their payload upon
exposure to ultrasound waves, enabling non-
invasive and controlled drug release at the
target site.

Sustainable and Green Stimuli-responsive
Systems

The push towards sustainable and green
nanomaterials, as emphasized by Rasool et al.

(2024) and Mondal et al. (2024), aligns with
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the development of eco-friendly stimuli-
responsive nanoemulsions. Utilizing natural
biopolymers and green synthesis methods
ensures that stimuli-responsive systems are
not only effective but also environmentally
benign, addressing both therapeutic efficacy
and sustainability. These systems can be
designed to respond to multiple stimuli, such
as pH, temperature, and light, providing
versatile and adaptable drug delivery
platforms tailored to specific therapeutic
needs.

ENHANCING BIOAVAILABILITY
Bioavailability, defined as the proportion of a
drug or other substance that enters the
circulation when introduced into the body and
so is able to have an active effect, is a critical
parameter in the efficacy of therapeutic

agents. Nanoemulsions have emerged as a

promising  strategy to enhance the
bioavailability =~ of  various drugs by
overcoming biological barriers, improving

oral and transdermal delivery, and facilitating
effective clinical applications. This section

delves into the mechanisms by which
nanoemulsions  enhance  bioavailability,
supported by  recent  studies and

advancements.

Overcoming Biological Barriers

Biological barriers such as the gastrointestinal
tract, blood-brain barrier (BBB), and cellular

membranes pose significant challenges to the
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effective delivery of therapeutic agents.
Nanoemulsions offer a versatile platform to
navigate these barriers through their unique
physicochemical properties.

Enhanced Permeability and Retention
(EPR) Effect

Nanoemulsions leverage the EPR effect to
accumulate preferentially in diseased tissues,
such as tumors, which possess leaky
vasculature and impaired lymphatic drainage.
Kumar, A. et al. (2024) demonstrated that
nanoemulsions formulated with essential oils
exhibited enhanced permeability, facilitating
deeper penetration into target tissues and
improving drug accumulation at the disease
site.

Mucoadhesive Properties

Incorporating biopolymers into nanoemulsion
formulations enhances their mucoadhesive
properties, thereby increasing residence time
at mucosal surfaces and improving drug
absorption. Rehman et al. (2021) highlighted
the use of biopolymer-based nanoemulsions to
boost the antioxidant potential of essential oils
in food products, which can be extrapolated to
enhance drug delivery across mucosal
barriers.

Transport Across the Blood-Brain Barrier

Nanoemulsions can be engineered to traverse
the BBB, a formidable barrier that restricts the
entry of most therapeutic agents into the

central nervous system. Diedrich et al. (2022)
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developed mucoadhesive nanoemulsions that
enhanced the brain bioavailability of luteolin
after intranasal administration, demonstrating
the potential of nanoemulsions to deliver

neuroprotective agents effectively.

ENHANCING ORAL
BIOAVAILABILITY
Oral administration remains the most

convenient and widely preferred route for

drug  delivery.  However, the oral

bioavailability of many drugs is limited by

poor  solubility, instability in  the
gastrointestinal ~ (GI)  environment, and
extensive first-pass metabolism.
Nanoemulsions address these challenges

through several mechanisms (Jayasundara, A.,
& Abeysekera, N. (2024).

Improved Solubility and Dissolution Rate
Nanoemulsions enhance the solubility of
poorly water-soluble drugs by encapsulating
them within the oil phase, thereby increasing
their dissolution rate in the GI fluids. Kumar,
A. et al. (2024)

nanoemulsions serve as effective delivery

emphasized  that

vehicles for essential oils, improving their
solubility and stability, which is directly
applicable  to  enhancing  the  oral
bioavailability of hydrophobic drugs.

Protection from Degradation
The encapsulation of drugs  within
nanoemulsions protects them from the harsh

Gl environment, including acidic pH and
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enzymatic degradation. Pokovi¢ et al. (2021)
demonstrated that curcumin-loaded PEGylated
nanoemulsions maintained antioxidant effects
and improved bioavailability in rat models,
highlighting  the  protective  role  of
nanoemulsions in oral drug delivery.
Enhanced Absorption via Lymphatic
Transport

Nanoemulsions can facilitate the transport of
drugs via the lymphatic system, bypassing the
hepatic first-pass metabolism and thereby
enhancing systemic bioavailability. Jain et al.
(2022) developed self-nanoemulsifying drug
delivery systems (SNEDDS) for erlotinib,
which showed enhanced oral bioavailability
and improved therapeutic outcomes in
neuroAIDS management.

Stabilizing Nanocarriers

The use of biocompatible and biodegradable
surfactants in nanoemulsions ensures the
stability of nanocarriers, preventing drug
precipitation and aggregation. Saleh et al.
(2024) encapsulated black rice bran extract in
stable nanoemulsions, demonstrating
improved stability and bioavailability under
various thermal and storage conditions.
TRANSDERMAL DELIVERY
ENHANCEMENTS

Transdermal drug delivery offers a non-
invasive route that bypasses the Gl tract,
providing controlled and sustained release of

therapeutic agents. Nanoemulsions enhance
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transdermal delivery through their ability to
penetrate the stratum corneum and facilitate
deeper drug absorption.

Enhanced Skin Penetration

The small droplet size and high surface area of
nanoemulsions facilitate their interaction with
the lipid matrix of the stratum corneum,
promoting enhanced drug penetration. Ge et
al. (2024) developed an HPLC-DAD method
for determining antioxidants in

nanoemulsions, emphasizing the role of
nanoemulsions in stabilizing and enhancing
the delivery of bioactive compounds through
the skin.

Permeation Enhancers

Incorporating permeation enhancers such as
ethanol, transcutol, or lecithin into
nanoemulsions disrupts the lipid bilayers of
the skin, increasing permeability and
facilitating drug transport. Arti Shettiwar et al.
(2024) optimized nanoemulsion formulations
for enhanced oral delivery in neuroAIDS
management, which can be adapted for
transdermal applications by modifying the
composition to include suitable permeation
enhancers.

Controlled and Sustained Release
Nanoemulsions can be designed to provide
controlled and sustained release of drugs
through the skin, maintaining therapeutic drug
levels over extended periods and reducing the

frequency of administration. Seving-Ozakar et
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al. (2022) developed nanoemulsion-based

hydrogels containing propolis and
dexpanthenol, which exhibited stable and
controlled release profiles, enhancing their
transdermal delivery efficiency.
Mucoadhesive and Targeted Delivery
Functionalizing nanoemulsions with
mucoadhesive polymers or targeting ligands
can further enhance transdermal delivery by
increasing residence time and directing the
drug to specific skin layers. Kumar, A. et al.
(2024) discussed the use of nanoemulsions as
delivery vehicles for essential oils, which can
be tailored with mucoadhesive properties for
targeted transdermal applications.
OVERVIEW OF RECENT RESEARCH
Recent research have demonstrated the
feasibility and benefits of nanoemulsion
formulations in various therapeutic contexts.
(2024)

effectiveness of

For instance, et al.
highlighted the

nanoemulsions

Kumar, A.

in delivering essential oils,
which have been evaluated in clinical settings
antioxidant

for their antimicrobial and

properties. These studies underscore the
potential of nanoemulsions to enhance the
bioavailability and therapeutic efficacy of
natural compounds.

Case Studies of Nanoemulsion
Formulations

Curcumin-Loaded Nanoemulsions: Bokovic¢

et al. (2021) conducted a pilot study on rats
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using curcumin-loaded PEGylated
nanoemulsions, which maintained antioxidant
effects and improved bioavailability compared
to non-encapsulated curcumin. This case study
illustrates the ability of nanoemulsions to
protect sensitive compounds and enhance their
therapeutic potential.

Erythromycin-Loaded Nanoemulsions:
Hussain et al. (2022) developed green
nanoemulsions  for the treatment of
erythromycin-contaminated aqueous solutions.
Their

stability and bioavailability of erythromycin,

formulation demonstrated enhanced

showcasing the application of nanoemulsions
in improving the delivery of antibiotics .

Acalabrutinib Nanoemulsions for Cancer
(2024)

formulated oral linalool-based nanoemulsions

Therapy: Arti Shettiwar et al.
of acalabrutinib, a chemotherapeutic agent,

which  significantly improved its oral
bioavailability and anticancer potential in T
lymphoblast cell lines.

highlights the

This case study
role of nanoemulsions in
enhancing the efficacy of cancer therapeutics
through improved bioavailability.

Regulatory Considerations and Challenges
Despite the promising advancements, the
clinical translation of nanoemulsion-based
drug delivery systems faces several regulatory
challenges. Ensuring the safety, efficacy, and

quality of nanoemulsion formulations requires
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comprehensive evaluation and
standardization.

Safety and Toxicity: Regulatory bodies
mandate thorough assessment of the safety
and toxicity of nanoemulsion components.
(2022) discussed the

characterization and limitations of nanocarrier

Alshawwa et al.

systems, emphasizing the need for stringent
safety evaluations to prevent adverse effect.
Quality Control and Standardization:

Consistency in  formulation, production
processes, and quality control is crucial for
(2024)

highlighted the importance of optimizing

regulatory approval. Gupta et al.

nanoemulsion formulations to meet regulatory

standards, ensuring reproducibility and
reliability in clinical applications.

Regulatory Frameworks: Developing clear
regulatory guidelines specific to
nanoemulsion-based drug delivery systems is
essential to facilitate their clinical adoption.
Saleh et al. (2024) underscored the necessity
of establishing standardized protocols for the
production and evaluation of nanoemulsions,
enabling their seamless integration into
therapeutic regimens.

CONCLUSION

Summary of Current Insights
Nanoemulsions have demonstrated significant
potential in enhancing the bioavailability of
therapeutic agents by overcoming biological
and transdermal

barriers, improving oral
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delivery, and facilitating effective clinical
applications. The ability to encapsulate both
hydrophilic and lipophilic drugs, coupled with
the  versatility in  formulation and
functionalization, positions nanoemulsions as

a pivotal technology in modern drug delivery

systems.
Future Directions in Research and
Application

Future research should focus on the following
areas to fully exploit the capabilities of
nanoemulsions:

Advanced Functionalization Techniques:
Developing sophisticated surface modification
strategies to further enhance targeted delivery
and controlled release mechanisms.
Sustainable and Green Formulations:
Emphasizing environmentally friendly and
biocompatible components to align with
sustainability goals and reduce the ecological
footprint of nanoemulsion production.
Evaluations:

Comprehensive  Clinical

Conducting extensive clinical trials to
establish the efficacy, safety, and therapeutic
advantages of nanoemulsion-based drug
delivery systems across various medical
conditions.

Integration with Emerging Technologies:
Leveraging advancements in nanotechnology,
such as artificial intelligence and machine
nanoemulsion

learning, to  optimize
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formulations and predict their behavior in
biological systems.

Regulatory Harmonization:
with

Collaborating

regulatory authorities to develop
standardized guidelines and protocols that
translation  and

facilitate the clinical

commercialization of nanoemulsion-based
therapeutics.
In conclusion, nanoemulsions represent a
transformative approach to enhancing drug
bioavailability, offering unparalleled
advantages in the delivery and efficacy of
therapeutic agents. Continued interdisciplinary
research and innovation are essential to
overcome existing challenges and unlock the
full potential of nanoemulsions in improving
patient outcomes and advancing medical
science.
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