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ABSTRACT

Nanoemulgel is an emerging hybrid drug delivery system that integrates the advantages of nanoemulsion and gel-based
formulations, offering a promising platform for topical drug delivery. The increasing prevalence of lipophilic drug
candidates with poor aqueous solubility and bioavailability has driven the development of advanced nanocarrier
systems. Nanoemulgels provide enhanced drug permeation, improved stability, controlled release, and better patient
compliance compared to conventional dosage forms. This review comprehensively discusses the formulation strategies,
physicochemical properties, mechanisms of drug permeation, evaluation parameters, and therapeutic applications of
nanoemulgels. Special emphasis is placed on novel approaches such as stimuli-responsive nanoemulgels, targeted
delivery systems, and incorporation of nanostructured carriers within gel matrices. Recent advancements highlight the
potential of nanoemulgels in treating dermatological disorders, wound healing, infections, cancer, and transdermal drug
delivery. The integration of nanotechnology with polymer science has significantly improved drug delivery efficiency by
overcoming the stratum corneum barrier. Furthermore, this review explores current challenges such as stability issues,
scale-up limitations, and regulatory considerations. Future prospects include personalized medicine, smart delivery
systems, and artificial intelligence-assisted formulation design. Nanoemulgels represent a versatile and innovative
platform with significant potential for commercialization and clinical translation in topical therapeutics.
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INTRODUCTION

The pharmaceutical industry is currently facing a major challenge due to the increasing number of newly
discovered drug molecules exhibiting poor aqueous solubility. It is estimated that nearly 40-90% of
newly developed drugs are lipophilic in nature, leading to low bioavailability and poor therapeutic
efficacy [1-3]. Topical drug delivery has emerged as a highly advantageous route of administration due to
its non-invasive nature, localized therapeutic action, reduced systemic side effects, and improved patient
compliance. Over the past few decades, there has been significant advancement in the design and
development of novel drug delivery systems aimed at overcoming the limitations associated with
conventional topical formulations such as creams, ointments, and lotions. Despite their widespread use,
these traditional dosage forms often suffer from poor drug penetration, low bioavailability, instability,
and patient inconvenience due to greasiness or poor spreadability. These challenges have driven the
exploration of advanced carrier systems, among which nano-based formulations have gained remarkable
attention [4]. Nanotechnology has revolutionized pharmaceutical sciences by enabling the development
of delivery systems at the nanoscale, typically ranging from 10 to 1000 nanometers. These nanocarriers
exhibit unique physicochemical properties, including a large surface area-to-volume ratio, enhanced
solubility of poorly water-soluble drugs, improved stability, and the ability to modulate drug release.
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Among various nanocarrier systems such as liposomes, solid lipid nanoparticles, nanostructured lipid
carriers, and polymeric nanoparticles, nanoemulsions have emerged as a promising platform for topical
drug delivery [5, 6].
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Fig 1: Nanoemulgel: Structure, Components, and Mechanism of Drug Delivery

Nanoemulsions are thermodynamically or kinetically stable colloidal dispersions composed of oil, water,
surfactants, and often co-surfactants, with droplet sizes typically in the nanometer range. These systems
offer several advantages, including enhanced drug solubilization, improved skin permeation, and
controlled drug release [7-9]. The small droplet size facilitates closer contact with the stratum corneum,
the outermost layer of the skin, thereby enhancing drug penetration. Additionally, the presence of
surfactants can disrupt the lipid structure of the stratum corneum, further promoting drug absorption [5].
However, despite their advantages, nanoemulsions possess certain limitations when used alone for
topical application. Their low viscosity can lead to poor retention at the site of application, resulting in
rapid runoff and reduced residence time. This can ultimately compromise therapeutic efficacy. To address
this issue, researchers have developed nanoemulgel systems, which combine the benefits of
nanoemulsions with those of gels. Nanoemulgel is an advanced drug delivery system in which a
nanoemulsion is incorporated into a gel matrix [10-13]. This hybrid system merges the high drug loading
capacity and enhanced permeation properties of nanoemulsions with the favorable rheological
properties, ease of application, and improved patient acceptability of gels. The gel phase provides
increased viscosity, thereby improving the formulation’s adherence to the skin and prolonging the
residence time of the drug at the application site. This results in sustained drug release and enhanced
therapeutic outcomes. The skin, being the largest organ of the human body, serves as a protective barrier
against external environmental factors. Its complex structure, comprising the epidermis, dermis, and
hypodermis, presents significant challenges for drug delivery. The primary barrier to drug penetration is
the stratum corneum, which consists of densely packed corneocytes embedded in a lipid matrix. This
“brick-and-mortar” structure restricts the permeation of most drugs, particularly hydrophilic and high
molecular weight compounds [14]. Therefore, overcoming this barrier is a critical aspect of designing
effective topical formulations. Nanoemulgels offer a strategic advantage in this regard. The nanosized
droplets enhance drug diffusion through the stratum corneum, while the gel base ensures prolonged
contact with the skin surface. Additionally, the formulation components, such as surfactants and oils, can
act as permeation enhancers by altering the lipid structure of the skin. This synergistic effect significantly
improves drug bioavailability at the target site. Another important aspect of nanoemulgel systems is their
ability to deliver both hydrophilic and lipophilic drugs effectively [15]. The oil phase of the nanoemulsion
can solubilize lipophilic drugs, while the aqueous phase can accommodate hydrophilic compounds. This
versatility makes nanoemulgels suitable for a wide range of therapeutic agents, including anti-
inflammatory drugs, antifungals, antivirals, analgesics, and cosmetic actives [16]. The formulation of
nanoemulgels involves careful selection of components such as oils, surfactants, co-surfactants, gelling
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agents, and aqueous phase. The choice of oil is critical as it influences drug solubility and permeation.
Commonly used oils include natural oils, medium-chain triglycerides, and synthetic esters. Surfactants
and co-surfactants play a vital role in stabilizing the nanoemulsion and reducing interfacial tension.
Gelling agents such as carbopol, hydroxypropyl methylcellulose (HPMC), and xanthan gum are used to
impart the desired viscosity and consistency to the formulation [17]. The preparation of nanoemulgels
typically involves two main steps: the formation of nanoemulsion followed by its incorporation into the
gel base [18]. Nanoemulsions can be prepared using high-energy methods such as high-pressure
homogenization, ultrasonication, and microfluidization, or low-energy methods such as phase inversion
temperature and spontaneous emulsification. Once the nanoemulsion is formed, it is mixed with the gel
base under controlled conditions to obtain a uniform nanoemulgel [19]. Characterization of nanoemulgels
is essential to ensure their quality, stability, and performance. Key parameters include droplet size,
polydispersity index, zeta potential, viscosity, pH, spreadability, drug content, and in vitro drug release.
Stability studies are also conducted to evaluate the formulation’s physical and chemical stability under
different storage conditions. Advanced techniques such as scanning electron microscopy and
transmission electron microscopy can be used to analyze the morphology of the nanoemulsion droplets.
In recent years, nanoemulgels have gained significant attention in both pharmaceutical and cosmetic
applications. In the pharmaceutical field, they are widely explored for the treatment of dermatological
conditions such as acne, psoriasis, fungal infections, and inflammation. Their ability to enhance drug
penetration and provide controlled release makes them particularly suitable for chronic conditions
requiring prolonged therapy [20-24]. In the cosmetic industry, nanoemulgels are used in products such as
moisturizers, sunscreens, anti-aging creams, and skin-lightening formulations due to their improved
texture, stability, and efficacy [25]. Furthermore, nanoemulgels have shown potential in delivering drugs
for systemic action via transdermal routes. By facilitating drug absorption through the skin into the
systemic circulation, they can bypass first-pass metabolism and improve bioavailability. This approach is
particularly beneficial for drugs with poor oral bioavailability or those associated with gastrointestinal
side effects. Despite their numerous advantages, nanoemulgel systems also face certain challenges. These
include the potential for skin irritation due to high surfactant concentration, stability issues related to
phase separation or droplet aggregation, and the complexity of formulation development. Additionally,
large-scale manufacturing and regulatory considerations can pose hurdles in the commercialization of
nanoemulgel products. Therefore, ongoing research is focused on optimizing formulation strategies,
improving stability, and ensuring safety and efficacy.

The integration of nanotechnology with conventional gel systems represents a significant advancement in
topical drug delivery. Nanoemulgels provide a promising platform for enhancing drug solubility, stability,
and bioavailability while ensuring patient convenience and compliance. Their versatility and effectiveness
make them an attractive option for both pharmaceutical and cosmetic applications. In conclusion,
nanoemulgel systems have emerged as a novel and efficient nanocarrier for topical drug delivery. By
combining the advantages of nanoemulsions and gels, they address the limitations of conventional
formulations and offer improved therapeutic outcomes. Continued research and development in this field
are expected to further expand their applications and pave the way for innovative drug delivery solutions
[26-28].
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Fig 2 : Constituents of Nano-Emulgel Formulation
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NANO-EMULSIONS

Nano-emulsions are colloidal systems composed of two immiscible liquids, typically oil and water, where
one phase is finely dispersed within the other. These systems consist of a dispersed phase and a
continuous phase, and their stability is maintained with the help of emulsifying agents that lower the
interfacial tension between the two phases. One of the key features of nano-emulsions is their improved
stability compared to conventional emulsions, which contributes to a longer shelf life and better
performance in various formulations. Their small droplet size enhances surface area, which can improve
drug delivery and absorption. Despite these advantages, nano-emulsions also present certain drawbacks.
They generally possess low viscosity, which can result in reduced residence time at the site of application.
Additionally, their spreadability may be limited, making them less suitable for topical use in some cases.
To overcome these limitations, nano-emulsions can be transformed into nano-emulgels by incorporating
appropriate gelling agents. This modification improves viscosity, enhances retention at the application
site, and provides better consistency for topical delivery [29-34].

Nano-emulgel

Although nano-emulsions offer several benefits, their practical use especially in topical and clinical
applications is limited by low viscosity, which leads to poor spreadability and short residence time at the
site of application. To address these drawbacks, nano-emulsions can be converted into nano-emulgels
through the incorporation of suitable gelling agents. A nano-emulgel is formed when a nano-emulsion is
embedded within a gel matrix, typically prepared using aqueous or hydroalcoholic bases containing
polymeric substances. These polymers absorb liquid, swell, and create a three-dimensional network that
provides the system with semisolid consistency. This transformation enhances the physical stability of
the formulation while maintaining the beneficial properties of the nano-emulsion. Nano-emulgels
function as controlled-release systems for topical drug delivery. They are particularly useful for drugs
with short biological half-lives, as the gel structure prolongs the contact time with the skin and allows
gradual drug release. The incorporation of a nano-emulsion into a gel base also helps to improve
formulation stability and reduce issues associated with phase separation [35].

In terms of performance, nano-emulgels combine the advantages of both gels and nano-emulsions. They
retain the small droplet size and improved stability of nano-emulsions, while offering better viscosity and
ease of application due to the gel network. These systems enhance drug penetration through the skin,
support higher drug loading, and minimize irritation. Their non-greasy texture and smooth consistency
contribute to improved patient acceptability. Additionally, nano-emulgels can improve pharmacokinetic
behavior by enhancing drug bioavailability and reducing unwanted side effects. Structurally, they consist
of two main components: the nano-emulsion phase (which may be oil-in-water or water-in-oil) and the
gel base formed by swelling polymers. Common formulation components include oils, surfactants, co-
surfactants, and gelling agents, all of which play specific roles in ensuring stability and performance [36-
40].

Preparation of Gel Base

The preparation of gelling media requires dissolving gelling agents in an aqueous solution until full
swelling occurs. The chosen polymer is dispersed in pure water while being continuously stirred using
mechanical methods under controlled conditions for a specific duration and at a constant rate. Once
complete swelling is achieved, the gel base is adjusted to the desired pH for effective delivery to the
topical system. Commonly used gelling agents: Carbopol 934, Carbopol 940, and hydroxypropyl
methylcellulose (HPMC) are commonly used as gelling agents in nanoemulgel formulations. They enhance
the formulation's thickness and may interact with surfactants to adjust its viscosity. These agents are
incorporated into nanoemulsions to transform their physical state from liquid to gel, addressing issues
such as low spreadability, low viscosity, and poor skin retention associated with nanoemulsions [41-44].
Incorporation of Nanoemulsion into Gel Base

The appropriate gelling agent is dissolved in distilled water with continuous stirring to prepare the
gel base. The pH of the prepared gel is adjusted, then the nanoemulsion system is incorporated
slowly into the prepared gel at a particular ratio with continuous stirring to get the nanoemulgel
preparation. The prepared nanoemulsion is gradually incorporated into a previously hydrated gel
base with continuous stirring to form a uniform nanoemulgel [45].
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Fig 3: Topical Nanogel Application on Skin

Oil Phase Selection

Choosing an appropriate oil phase is a crucial step in designing nano-emulsion and nano-emulgel
formulations. The properties of the oil significantly influence the performance, stability, and effectiveness
of the final product. Key factors considered during selection include viscosity, permeability, chemical
stability, polarity, and overall compatibility with the intended application [46].

In pharmaceutical and cosmetic systems, the oil phase may consist of either natural or synthetic lipids. In
some cases, the oil itself can act as an active therapeutic component. The hydrophobic nature of the
selected oil plays an essential role in enhancing the solubility of lipophilic drugs and contributes to the
overall stability of the nano-emulsion system [47].

Examples of Natural Oils

Oleic Acid

Oleic acid is a widely used omega-9 fatty acid known for its biocompatibility and biodegradability. It
possesses excellent solubilizing capacity and enhances drug permeation through the skin. Additionally, it
exhibits antioxidant properties that may help protect cells from damage. Due to these characteristics,
oleic acid is frequently used as a penetration enhancer in topical formulations containing drugs such as
piroxicam and ketoprofen [48].

EmuOil

Emu oil is rich in unsaturated fatty acids, particularly oleic acid, which contributes to its ability to
improve skin penetration. It exhibits anti-inflammatory, analgesic, antipruritic, and antioxidant effects.
Moreover, it acts as an effective skin moisturizer, making it suitable for topical nano-emulgel formulations
[49].

Teatree Oil

Tea tree oil is known for its strong antimicrobial activity, including antifungal and antibacterial effects. It
is commonly used in formulations containing antifungal drugs such as itraconazole. It may also enhance
therapeutic outcomes through synergistic effects. However, its potential to cause allergic reactions can
limit its application in transdermal systems [50].

Eugenol

Eugenol is a phenolic compound with multiple pharmacological properties, including analgesic, anti-
inflammatory, antibacterial, and local anesthetic effects. It can enhance the antimicrobial activity of
certain drugs and is often used in combination formulations targeting bacterial infections [51].

In addition to these, other vegetable oils are sometimes considered, although their use may be limited due
to lower drug solubility and weaker emulsification properties. Modified lipids such as medium-chain
triglycerides, monoglycerides, and diglycerides are also commonly utilized due to their improved
functional characteristics [52].

Surfactants and Co-surfactants

Surfactants play a fundamental role in the formation and stabilization of nano-emulsions. Their primary
function is to reduce the interfacial tension between immiscible phases such as oil and water, enabling
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the formation of stable, fine droplets. By preventing droplet aggregation and coalescence, surfactants help
maintain the integrity of the nano-emulsion system [53].
In addition to improving stability, surfactants contribute to enhanced drug solubilization, faster
absorption, and increased formulation efficiency. The selection of a suitable surfactant depends on factors
such as safety, compatibility, and its ability to produce the desired type of emulsion [54].
Classification Based on HLB Value [55-58]
Surfactants are often selected based on their Hydrophilic-Lipophilic Balance (HLB) value:

e Lower HLB values favor water-in-oil (W/0) systems

e Higher HLB values favor oil-in-water (0/W) systems
Classification Based on Ionic Nature [59]
Based on their charge, surfactants are categorized as:

e Cationic surfactants - contain positively charged groups

e Anionic surfactants - contain negatively charged groups, but are generally less preferred due to

higher toxicity
e Nonionic surfactants - widely used due to their safety, stability, and compatibility across a wide
pH range

e Zwitterionic surfactants - contain both positive and negative charges
Among these, nonionic surfactants are most commonly used in nano-emulgel systems because they are
less irritating, more stable, and biocompatible.
Biosurfactants
Natural surfactants, also known as biosurfactants, are gaining increasing attention. These are derived
from biological sources such as microorganisms, including bacteria and fungi. Biosurfactants are
biodegradable, less toxic, and environmentally friendly [60].
Like synthetic surfactants, they possess both hydrophilic and hydrophobic regions, allowing them to
effectively reduce surface tension and stabilize emulsions. Due to their safety profile and functional
efficiency, biosurfactants are considered promising alternatives in modern formulation development.
Preparation of Nano-emulgel
Nano-emulgel formulations are typically developed through a systematic process that depends on the
sequence of combining the oil and aqueous phases. The method involves preparing individual phases
separately and then integrating them under controlled conditions to achieve a stable and uniform system.
Initially, the active pharmaceutical ingredient (API) is incorporated into the oil phase (Phase I}, where it
is solubilized or uniformly dispersed. In parallel, the gel base is prepared as the aqueous phase (Phase II)
by dissolving suitable gelling agents in water or a hydroalcoholic medium. These gelling agents hydrate
and swell to form a viscous gel structure [61.
Once both phases are ready, the oil phase is gradually introduced into the aqueous gel phase with
continuous stirring. This step is followed by high-speed homogenization to reduce droplet size and
ensure uniform distribution of the oil droplets within the gel matrix. The result is a smooth and
homogeneous nano-emulgel system [34].
The overall preparation process can be broadly divided into two main stages. The first stage involves the
formulation of a stable nano-emulsion, where fine droplets are formed using appropriate surfactants and
co-surfactants. The second stage includes the incorporation of this nano-emulsion into the preformed gel
base, resulting in the final nano-emulgel with improved viscosity, stability, and application properties
[35].
Characterization of Nano-emulgel
Ensuring the quality, uniformity, and stability of pharmaceutical formulations is essential for achieving
the desired therapeutic outcomes. Nano-emulgels, being advanced topical delivery systems, require both
conventional and specialized evaluation methods. Standard quality control tests include parameters such
as pH, drug content uniformity, microbial limits, sterility, and water content. In addition to these, nano-
emulgels require specific characterization techniques due to the presence of nanosized droplets within
the gel matrix [62].
Zeta Potential
Zeta potential is an important parameter used to assess the surface charge of dispersed droplets and
predict the stability of nano-emulgel systems. It reflects the degree of electrostatic repulsion between
particles. A higher magnitude of zeta potential (either positive or negative) indicates stronger repulsive
forces, which helps prevent aggregation and improves formulation stability.
Surfactants play a key role in maintaining an appropriate zeta potential by stabilizing the interface
between phases. This parameter is commonly measured using instruments such as a zeta sizer or particle
size analyzer based on electrophoretic mobility [37].
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DROPLET SIZE AND POLYDISPERSITY INDEX (PDI)

Droplet size is a critical factor that influences drug release, penetration, and overall stability of nano-
emulgels. It represents the average diameter of dispersed globules within the formulation. Smaller
droplet sizes generally lead to enhanced surface area and improved drug delivery performance. The
Polydispersity Index (PDI) indicates the uniformity of droplet size distribution. It is calculated as the ratio
of the standard deviation to the mean droplet size. A lower PDI value signifies a more uniform system,
whereas higher values indicate broader size distribution and potential instability. Both droplet size and
PDI are typically measured using dynamic light scattering (DLS) techniques with particle size analyzers
[38, 46].

Rheological Properties

Rheology deals with the flow behavior and deformation characteristics of the formulation. Nano-emulgels
exhibit viscoelastic behavior, meaning they possess both liquid-like and solid-like properties. These
characteristics are influenced by the concentration and interaction of oils, surfactants, and gelling agents.
The viscosity and flow behavior directly affect drug release, spreadability, and stability. A suitable
rheological profile ensures ease of application and formation of a uniform film over the skin. Instruments
such as rotational viscometers are commonly used to evaluate these properties. Spreadability is an
important parameter for topical formulations, as it determines how easily the product can be applied to
the skin. It is primarily influenced by the viscosity of the nano-emulgel. The parallel-plate method is
widely used to measure spreadability [59, 12, 45]. In this method, a fixed amount of formulation is placed
between two glass slides. A known weight is applied to allow the upper slide to move over the lower one.
The time taken for the upper slide to separate is recorded.

Spreadability is calculated using the following formula:

S=MxLTS = \frac{M \times L}{T}S=TMxL

Where:

S = Spreadability

M = Weight applied to the upper slide

L = Length of the slide

T = Time taken for the slides to separate

A shorter separation time indicates better spreadability.

CONCLUSION

Nano-emulgel represents an improved topical drug delivery system compared to conventional nano-
emulsions, mainly due to its higher viscosity, better stability, and enhanced skin retention. The
combination of nano-sized droplets with a gel matrix allows improved permeation of lipophilic drugs by
increasing contact time and maintaining skin hydration. The performance of a nano-emulgel largely
depends on the proper selection and balance of its components, including oil, surfactant, co-surfactant,
and gelling agents. Careful formulation is essential to ensure stability and effectiveness. Overall, nano-
emulgel offers superior drug delivery, better pharmacokinetic behavior, and enhanced therapeutic
outcomes, making it a promising system for topical applications.
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