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ABSTRACT:

Follicular hyperkeratinisation, bacterial colonization, and excessive sebum production are the
hallmarks of acne vulgaris, a chronic inflammatory skin condition that frequently results in
papules, pustules, and scarring. Anti-acne medications like benzoyl peroxide, retinoids, and
antibiotics are frequently administered via traditional topical formulations like creams, gels,
and lotions. However, poor skin penetration, instability, and frequent dose requirements
restrict their therapeutic efficacy and lower patient compliance. Topical drug delivery
methods based on nanoemulsions have shown promise in addressing these issues by
improving drug solubility, stability, and bioavailability. Oil, water, and surfactant dispersions
that are thermodynamically or kinetically stable and have droplet sizes that are usually
between 20 and 200 nm are known as nanoemulsions. Improved drug penetration through the
stratum corneum and targeted delivery to pilosebaceous units, the main location of acne
pathology, are made possible by their enormous surface area and small droplet size. The
formulation design and characterization techniques of nanoemulsion-based acne treatment
systems are the main topics of this review. The choice of oils, surfactants, and co-surfactants,
optimization of droplet size, zeta potential, viscosity, and stability, and drug loading methods
appropriate for hydrophilic and lipophilic drugs are important factors to take into account.
Particle size analysis, entrapment efficiency, in vitro drug release, ex vivo skin penetration,
and deposition investigations are examples of characterization techniques that are

emphasized. Additionally, current developments involving combination treatments and herbal
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actives are covered. In comparison to traditional formulations, nanoemulsion-based topical
systems offer increased penetration, controlled release, less irritation, and better patient

adherence, making them a suitable platform for enhancing anti-acne therapy.

KEYWORDS: Nanoemulsions, Topical drug delivery, Acne vulgaris, Skin penetration,

Anti-acne agents, Controlled release, Pilosebaceous targeting.

1. INTRODUCTION

The pilosebaceous units, which are made up of sebaceous glands, hair follicles, and related
epithelial structures, are the main target of acne vulgaris, a chronic inflammatory condition. It
presents as a variety of lesions, including as inflammatory papules, pustules, nodules, non-
inflammatory comedones, and, in extreme situations, cystic lesions that may cause
hyperpigmentation and permanent scarring. Recent epidemiological studies have revealed an
increasing frequency of adult-onset acne, especially among women aged 25 to 40, despite the
condition's predominance in teenagers and young adults.! This condition is frequently
associated with hormonal changes, stress, and lifestyle variables. Hyperseborrhea, aberrant
keratinocyte desquamation resulting in follicular plugging, colonization by Cutibacterium
acnes (formerly Propionibacterium acnes), and activation by regional inflammatory
mechanisms mediated by cytokines, chemokines, and free radicals are all part of the complex
pathophysiology of acne. Acne lesions grow and worsen as a result of these processes taken
together.”] Acne is one of the most common dermatological conditions in the world, affecting
9-10% of the population. Acne can have a significant negative influence on psychological
health in addition to its physical symptoms, leading to low self-esteem, social anxiety,
depression, and a lower quality of life. Numerous studies show that people with moderate to
severe acne frequently suffer from severe social disengagement and poor interpersonal
relationships, underscoring the necessity of efficient and patient-friendly treatment

approaches.l’!

1.1. Limitations of Conventional Topical Therapies

For mild-to-moderate acne, traditional topical treatments continue to be the primary line of
treatment. Active ingredients like benzoyl peroxide, topical retinoids (tretinoin, adapalene,
tazarotene), antibiotics (clindamycin, erythromycin), azelaic acid, and salicylic acid are
commonly administered through creams, gels, ointments, and lotions. These substances are
intended to lower sebum production, calm local inflammation, stop bacterial development,

and restore follicular keratinization. Conventional formulations are widely used, although
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they have serious drawbacks.l*! The skin's outermost layer, the stratum corneum, prevents
active substances from penetrating deeper follicular and sebaceous structures, which
frequently leads to subtherapeutic medication concentrations at the target region. Many anti-
acne medications are chemically unstable; retinoids, for instance, break down when exposed
to light, and benzoyl peroxide can quickly oxidize, decreasing its effectiveness. Common side
effects that frequently result in poor patient adherence include erythema, irritation, peeling,
dryness, and burning sensations. Low compliance and treatment cessation are also caused by
the need for numerous administrations over long periods of time to sustain therapeutic
benefits. When taken as a whole, these drawbacks highlight the need for sophisticated, more
efficient, and patient-friendly drug delivery methods that can minimize side effects while

circumventing skin barrier obstacles.!

1.2.  Advantages of Nanotechnology in Acne Management

Delivery techniques centered around nanotechnology provide creative answers to the
problems with traditional topical formulations. Regarding these, nanoemulsions have drawn a
lot of interest because of their special physicochemical characteristics and capacity to
improve topical medication administration. Nanoemulsions, which usually have droplet
diameters between 20 and 200 nm, are submicron-sized dispersions of water and oil
stabilized by surfactants. Because of their small size, they have more surface area and can
penetrate deeper into the pilosebaceous structures, which are the main locations of acne
pathology through the stratum corneum.[®! Additionally, nanoemulsions offer continuous and
regulated drug release, lowering the frequency of application while preserving therapeutic
concentrations at the intended site. Both hydrophilic and lipophilic anti-acne drugs, among
them as retinoids, benzoyl peroxide, antibiotics, and natural anti-inflammatory or antioxidant
substances like curcumin, green tea polyphenols, and aloe vera extracts, can be included into

nanoemulsions due to their high solubilization capacity.!”!

Furthermore, systems based on nanoemulsions provide better stability against oxidation and
chemical deterioration, extending their shelf life and effectiveness. Targeted distribution
reduces local irritation and side effects that are frequently seen with traditional creams and
gels by limiting drug exposure to nearby healthy skin. Co-delivery of multiple therapeutic
agents is made possible by the flexibility of formulation design. This allows for combination
treatment strategies, such as the concurrent administration of an antibiotic and an anti-

inflammatory agent, which can work in concert to reduce inflammation and control bacterial
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colonization.® Recent studies further show that nanoemulsions can be designed to be stimuli-
responsive carriers, improving site-specific medication activity by releasing their payload in
accordance with oxidative stress or pH changes in inflammatory acne lesions. When
compared to traditional topical formulations, nanoemulsion-based topical systems offer better
efficacy, fewer side effects, and more patient compliance, making them a promising and

adaptable platform for contemporary acne care.[>-80-881

2. PATHOPHYSIOLOGY OF ACNE VULGARIS
Sebum production, microbial colonization, and inflammation interact to cause lesions in acne
vulgaris, a multifactorial inflammatory condition of the pilosebaceous unit. Designing

successful treatment interventions requires an understanding of these systems.!‘!

2.1. Sebum Overproduction

Sebum, a lipid-rich fluid that lubricates and shields the skin, is produced by sebaceous
glands. Androgen-mediated hyperseborrhea causes excessive sebum production in acne,
which fosters bacterial development and follicular obstruction. Increased synthesis of
inflammatory mediators including free fatty acids and squalene oxidation products, which
exacerbate local inflammation and aid in the formation of comedones, is another effect of

elevated sebum levels.['!]

2.2.  Bacterial Colonization

Sebaceous follicles are naturally home to the gram-positive, anaerobic bacterium
Cutibacterium acnes. Sebum excessive production and follicular obstruction contribute to the
proliferation of acne in skin that is prone to it. Lipases, which convert triglycerides into pro-
inflammatory free fatty acids, are among the chemotactic agents and enzymes that C. acnes
generates. The bacterial metabolites increase local inflammatory responses and aid in the
development of papules and pustules by activating Toll-like receptors and inflammasomes in

keratinocytes and immune cells.!'?]

2.3. Inflammatory Responses

A key factor in the pathophysiology of acne is inflammation. Cytokines such interleukin-1
(IL-1), IL-6, TNF-a, and prostaglandins are released when innate immune pathways are
activated. These cytokines draw immune cells to the follicle and surrounding dermis.

Redness, swelling, and the development of inflammatory lesions are the outcomes of this
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process. Additionally, hyperkeratinization can be triggered by chronic inflammation, which

prolongs follicular obstruction and lesion recurrence.!!**"]

2.4. Key Targets for Anti-Acne Therapy

Efficient anti-acne treatment tackles several processes based on the pathophysiology:

e Sebum suppression: Retinoids or anti-androgenic drugs lessen the production of sebum.
e Antimicrobial activity: Systemic or topical antibiotics prevent the growth of C. acnes.!'¥

e Keratolysis and normalization of follicular turnover: Salicylic acid and retinoids stop

the production of comedones.

e Anti-inflammatory effects: Natural antioxidants, benzoyl peroxide, and niacinamide all

lessen inflammation caused by cytokines.['!

e Combination therapy: It has been shown to be more successful in lowering the number

of lesions and recurrence when it targets several pathogenic variables at once.

Pathogenesis of Acne vulgaris

//// V4

Follicular g
epithelium L
Sebaceus

lobule

Healthy Closed Open Inflammatory Nodule/cyst
follicle comedon comedon papule/pustule
Corneocytes Sebum \, C acnes

Fig. 1: Pathophysiology of Acne Vulgaris!!®l

3. RATIONALE FOR NANOEMULSION-BASED THERAPY

Considering they overcome many of the drawbacks of traditional formulations,
nanoemulsions have become cutting-edge topical drug delivery solutions for the treatment of
acne. They are particularly well suited for targeting the pilosebaceous unit because of their
distinctive physicochemical characteristics, which include small droplet size, large surface

area, and thermodynamic stability.[!78!
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3.1. Enhanced Drug Solubilization and Stability

Retinoids, benzoyl peroxide, and certain antibiotics are among the many anti-acne
medications that exhibit poor water solubility and instability in traditional creams and gels.
Depending on the type of medicine, nanoemulsions can dissolve both hydrophilic and
lipophilic substances by adding them to the aqueous or oil phase. Surfactants and co-
surfactants form a persistent interfacial coating surrounding droplets that shields the
medication from hydrolysis, oxidation, and light-induced destruction. Longer shelf life and
increased drug availability at the site of action are two benefits of this enhanced solubilization

and Stabﬂity_[lg,Sl,Sz]

3.2. Improved Skin Penetration and Follicular Targeting

Nanoemulsions' microscopic droplet size typically less than 200 nm allows for improved
diffusion into deeper skin layers and closer interaction with the stratum corneum. In addition
to preferentially accumulating in hair follicles and sebaceous glands the main locations
implicated in acne nanoemulsions can pass through intercellular lipid channels. By fluidizing
skin lipids, some surfactants and oils employed in nanoemulsions improve penetration and

make it easier for drugs to reach the pilosebaceous unit.["’!

3.3. Controlled and Sustained Drug Release

By maintaining medications inside the internal phase and releasing them gradually as droplets
dissolve in skin lipids, nanoemulsions can allow controlled and sustained release of drugs. By
maintaining therapeutic drug levels for extended periods of time, this sustained
administration lessens the necessity for frequent application. Recurrence rates are reduced

and lesion resolution is enhanced by ongoing medication availability at the target site. /2033841

3.4. Reduced Irritation and Side Effects

Dryness, burning, and irritation are frequently caused by high concentrations of anti-acne
medications on the skin's surface. By distributing the medication more evenly and delivering
it progressively into the skin, nanoemulsions reduce the epidermis's abrupt exposure to high
drug concentrations. Additionally, encapsulation lessens the immediate interaction of
irritating medications with the skin's surface, improving patient compliance, tolerability, and

reducing local side effects.!?!]
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4. ACTIVE PHARMACEUTICAL INGREDIENTS (APIS) FOR ACNE

Abnormal keratinization, excessive sebum production, bacterial colonization, and
inflammation are all components of acne vulgaris. Therefore, using medications that may
have an impact on many stages of acne etiology is necessary for efficient therapy. Topical
anti-acne medications contain a range of active pharmaceutical ingredients (APIs), either

alone or in sensible combinations.!*%

4.1. Retinoids

Retinoids are essential medications for treating acne, especially inflammatory and comedonal
acne. The control of keratinization and epithelial cell differentiation is their primary mode of
action. They reduce aberrant keratinocyte proliferation and avoid hair follicle obstruction by
binding to retinoic acid receptors (RARs) in skin cells. This aids in comedone resolution and

prevention.[?!

For mild to moderate acne, tretinoin is frequently found in creams and gels. It has modest
anti-inflammatory properties, encourages epidermal turnover, and breaks up existing
comedones. Nevertheless, it frequently results in irritation, peeling, and erythema and is
chemically unstable when exposed to light and oxygen. Adapalene is less irritating while still
having comparable effectiveness since it is more long-lasting and selective for specific
retinoid receptors. For long-term acne control, for instance, adapalene 0.1% or 0.3% gel is
frequently given. Retinoids are more stable, less irritating, and more effectively delivered into

pilosebaceous units when they are encapsulated in lipid-based systems or Nanoemulsions.[**]

4.2. Antibiotics

The main purposes of topical antibiotics are to lessen inflammation and manage
Cutibacterium acnes. By attaching to ribosomal subunits, they suppress the synthesis of
proteins in bacteria. Comparable to clindamycin, erythromycin inhibits bacterial growth and

lowers inflammatory mediators via binding to the 50S ribosomal subunit.**!

For mild to moderate inflammatory acne, clindamycin 1% gel or lotion is frequently utilized.
Due to broad resistance, erythromycin is no longer as popular. Antibiotic monotherapy over
an extended period of time raises the chance of bacterial resistance. As a result, they are
frequently mixed with benzoyl peroxide, which has bactericidal properties and slows the

emergence of resistance. For instance, a typical fixed-dose combination is clindamycin 1% +
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benzoyl peroxide 5% gel. By improving follicular targeting, delivery via nanoemulsion

devices reduces the chance of resistance and permits lower antibiotic dosages.*!

4.3. Anti-Inflammatory and Keratolytic Agents

Beta-hydroxy acids like salicylic acid have anti-inflammatory and keratolytic properties. It
breaks down keratin plugs, enters follicles, and lessens the development of comedones.
Additionally, it reduces edema and redness by blocking inflammatory mediators. Cleansers,

gels, and lotions frequently include 0.5-2% salicylic acid.?”]

Azelaic acid possesses anti-keratinizing, anti-inflammatory, and antibacterial properties. It
lessens aberrant keratinocyte development and inhibits bacterial mitochondrial
enzymes.Azelaic acid 15-20% cream or gel works well for comedonal and inflammatory

acne and is safe to use over an extended period of time, including while pregnant.!?*!

By preventing the release of cytokines, niacinamide (vitamin B3) lowers inflammation and
enhances the function of the skin barrier. Additionally, it lessens redness and sebum
production, which makes it beneficial for sensitive skin. By modifying immunological
responses, zinc salts lower sebum production, stop bacterial development, and lessen

inflammation.

4.4. Herbal and Natural Agents

Herbal and natural remedies are becoming more popular due to worries about irritation and
long-term effectiveness of synthetic medications. By causing damage to bacterial cell
membranes, tea tree oil demonstrates antibacterial activity against C. acnes. Redness and
irritation are lessened by the calming and anti-inflammatory qualities of aloe vera.
Polyphenols included in green tea lessen oxidative stress and sebum production. Licorice
extract and curcumin have antibacterial and anti-inflammatory properties. For instance,
people who are sensitive to synthetic medications can use tea tree oil 5% gel as a substitute
for mild acne. These natural chemicals' solubility, stability, and skin penetration are enhanced

by nanoemulsion-based administration.*%!

4.5. Combination Therapies
Combination therapy is thought to be the most successful strategy since acne involves several
pathogenic processes. For instance, adapalene + benzoyl peroxide gel simultaneously

addresses inflammation, bacterial development, and follicular clogging. Benzoyl peroxide
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plus clindamycin lowers bacterial resistance while reducing inflammation. Comedonal and

inflammatory lesions are both improved by tretinoin + antibiotic combos.[*!]

Lipophilic and hydrophilic medications can be co-delivered in a single system using

nanoemulsion-based

combination formulations,

guaranteeing

consistent

distribution,

regulated release, improved follicular targeting, and decreased irritation. As a result, long-

term acne treatment is more effective, has fewer adverse effects, and increases patient

compliance.?!

Table 1: Summary of APIs used in Acne Therapy.

Main Mechanism Common Benefit in
Class of API Examples . Indications Limitations Nanoemulsion
of Action (MOA) Strengths
Systems
Normalize

Tretinoin, kerat1n1zat{0n, Comedonal Tretinoin Irritation, Imp?qved

reduce follicular o erythema, stability, reduced
. Adapalene, .o and 0.025-0.1%, . L
Retinoids L plugging, increase | . peeling, irritation, better

Isotretinoin inflammatory | Adapalene e .

(topical) cell turnover by acne 0.1-0 3% photosensitivity, | follicular
activating retinoic o instability penetration®*)
acid receptors
Inhibit bacterial Enhanced

Clindamycin, protein gynthes1s Mild- Cohndamycm Bacterial folhcglar

e . by binding to 50S | moderate 1%, . targeting, lower
Antibiotics Erythromycin, . . .| resistance, .
. . ribosome; reduce | inflammatory | Erythromycin | .. "~ . dose required,

Nadifloxacin . o irritation .
inflammatory acne 2% reduced resistance
mediators risk!*¥
Releases free Inflammatory .Str.ong

. . . . irritation, Controlled
Antibacterial Benzoyl radicals that kill acne, o
. . . . 2.5-10% dryness, release, reduced
agent Peroxide bacteria; mildly resistance . s
. . bleaching of irritation
keratolytic prevention
clothes

Breaks keratin Better solubility,
Keratolytic Salicylic Acid plugs, exfoliates, Comedonal 0.5-2% Drygess, 1mproved
agents reduces acne peeling follicular

comedones penetration!*®
Anti- . . Reduce cytokine Inflammatory | Niacinamide g, s Sustained release,
. Niacinamide, release, regulate .. o) 7 Mild irritation .
inflammatory . . and sensitive- | 2—5%, Zinc . better skin

Zinc salts sebum, improve . o in some users 37]

agents . . skin acne 1-2% tolerance
barrier function
Comedonal + Imoroved
Dicarboxvlic Antibacterial, anti- | inflammatory Burnin elfe tration
. y Azelaic Acid keratinizing, anti- | acne, 15-20% UIIINg, P ’
acid inflammato eonancy- stinging reduced
y preghancy irritation(*®!
safe

Tea tree oil,

Aloe vera, Antibacterial, anti- . . Allergic Increased
. Mild acne, Tea tree oil : . o

Herbal agents | Neem, Green inflammatory, " . 0 reactions in stability, better
. o . sensitive skin | ~5% . ; [39]
tea, Curcumin, | antioxidant actions some users skin delivery

Licorice
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Adapalene + Act on multiple
. Controlled co-
L BPO, acne pathways: Various . o
Combination . . . Moderate— Higher irritation | release, reduced
Clindamycin + | bacteria, fixed-dose . .
APIs . L severe acne risk side effects, better
BPO, Tretinoin | keratinization, combos compliancel”
+ Antibiotic inflammation P
Retinoids, Target follicles, Enhanced
Nanoemulsion- | antibiotics, sustained drug All acne Drug Formulation stability,
loaded APIs herbal extracts, | release, reduced types dependent complexity penetration,
combinations | peak irritation safety, efficacy™!!

5. FORMULATION DESIGN OF NANOEMULSIONS

Nanoemulsions are colloidal systems with droplet sizes usually smaller than 200 nm that are
either thermodynamically or kinetically stable. Careful component selection, appropriate
preparation techniques, and physicochemical property optimization are necessary for their
successful design in order to guarantee stability, effectiveness, and acceptance among

patients.

5.1. Components of Nanoemulsions

The oil phase, surfactant, co-surfactant, and aqueous phase are the four primary constituents
of a nanoemulsion. Lipophilic medications utilized in acne treatment, such as retinoids,
essential oils, and herbal extracts, are transported by the oil phase. Medium-chain
triglycerides, isopropyl myristate, olive oil, coconut oil, and essential oils like neem or tea
tree oil are frequently utilized oils. The oil should be safe to apply topically and have a strong
ability to dissolve the medication. Surfactants are necessary to stabilize the droplets and
lower the interfacial tension between water and oil. For topical nanoemulsions, non-ionic
surfactants like Tween 20, Tween 80, Span 20, and Span 80 are used because of their low
toxicity and favorable skin compatibility. Co-surfactants contribute to the interfacial film's
increased flexibility and further reduction of interfacial tension. The most frequently
encountered glycols and alcohols include ethanol, propylene glycol, polyethylene glycol, and
Transcutol. Additionally, they improve the drug's skin penetration. In order to increase
stability and skin feel, the aqueous phase which is usually composed of buffer solutions or

purified water may also include humectants, preservatives, or viscosity enhancers.[*

5.2. Types of Nanoemulsions
The combination of the water and oil phases determines the classification of nanoemulsions.
e Oil droplets are distributed across a continuous aqueous phase in oil-in-water (O/W)

nanoemulsions. Because they are easily washable, non-greasy, and aesthetically pleasing,
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they are best suited for topical application. This category includes the majority of anti-
acne Nanoemulsions.[**]

e Water droplets are scattered throughout oil in water-in-oil (W/O) nanoemulsions. They
are less favored in acne because of their oily character, but they are more occlusive and
appropriate for dry skin conditions.

¢ Bicontinuous nanoemulsions offer a strong solubilization capacity for both hydrophilic

and lipophilic medicines due to their interpenetrating oil and water domains.**

5.3. Preparation Methods

Both high-energy and low-energy techniques can be used to create nanoemulsions.

High-energy techniques split droplets into nanosized using mechanical devices.
Ultrasonication is a lab-scale preparation technique that uses sound energy to reduce droplet
size. High-pressure homogenization, which is appropriate for large-scale production, creates

extremely thin droplets by forcing the emulsion through tiny gaps under high pressure.

Low-energy techniques depend on the system's physicochemical characteristics. In order to
invert phases and create nano-sized droplets, the phase inversion process entails altering
composition or temperature. When combinations of oil, surfactant, and co-surfactant are
incorporated to water, spontaneous emulsification takes place, creating nanoemulsions
without the need for outside energy. These techniques are easy, affordable, and appropriate

for medications that are sensitive to heat.[*>:5¢]

5.4. Optimization of Nanoemulsion Properties

Skin penetration, stability, and attractiveness are all directly impacted by droplet size. Drug
absorption and follicular targeting are improved by smaller droplets (less than 200 nm). Size
homogeneity is indicated by the polydispersity index (PDI). A system is uniform and stable if
the PDI is less than 0.3. Droplet aggregation and instability are indicated by high PDI values.
Temperature, storage conditions, oil-to-water ratio, and surfactant content all affect stability.
Physical stability, phase separation, creaming, cracking, and drug content homogeneity must
all be assessed over time for nanoemulsions. To guarantee successful and patient-friendly
topical acne treatment, optimized nanoemulsions should have tiny droplet sizes, low PDI,

appropriate viscosity, pleasant skin feel, and long-term physical and chemical stability.[*¢-%"!
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6. INCORPORATION INTO TOPICAL VEHICLES

Following preparation, nanoemulsions are typically added to appropriate topical bases, such
as gels, creams, or lotions, to enhance patient acceptance, ease of application, and skin
residence time. Drug release, skin retention, and overall therapeutic efficacy are all

significantly impacted by the vehicle selection.

The most popular nanoemulsion carriers for treating acne and inflammatory skin conditions
are gels. The process of creating nanoemulsion-based gels, also known as nanoemulgels,
involves dispersing the nanoemulsion into a gelling agent like sodium alginate, carbopol,
hydroxypropyl methylcellulose (HPMC), or xanthan gum. They provide a cooling effect, are
readily spreadable, and are non-greasy, all of which are beneficial for skin that is prone to
acne or inflammation. For instance, compared to traditional gels, adapalene or tea tree oil
nanoemulsions exhibit skin retention and less

added to carbopol gel improved

irritation,[47:83.8485]

Creams are semi-solid emulsions that can be either water-in-oil or oil-in-water. The stability
of delicate medications is enhanced and the moisturizing effect is improved by adding
nanoemulsions to cream bases. Although O/W creams are lighter and less greasy, they are
recommended for acne. For example, O/W creams containing clindamycin or benzoyl
peroxide nanoemulsions exhibit better patient acceptance and medication distribution.[*!!

Low-viscosity lotions are ideal for big or hairy areas like the chest or back. Lotions based on
nanoemulsions spread readily and leave very little residue. They work well for applying

herbal anti-acne remedies, such as extracts of neem or turmeric, to larger skin areas.!*’!

Table 2: Factors Affecting Skin Retention and Release.

Factor

Description Effect on Skin Retention Effect on Drug Release

Type of
topical base

Gels, creams, lotions
differ in structure and
water/oil content

Creams and emulgels increase
residence time; lotions show
lower retention

Gels give faster release; creams
provide sustained release!!

Viscosity of | Thickness of High viscosity increases High viscosity may slow drug release;
vehicle formulation retention on skin low viscosity gives faster releasel!!
Penetration Ethanol, propylene Improve drug entry into skin Increase rate and extent of drug
enhancers glycol, Transcutol layers release into skin!*?

. . I kin h i H kin all
Humectants Glycerin, sorbitol ncrease skin ydration and .ydra‘ted[ 553 : in allows better drug

retention diffusion

Occlusive Dimethicone, Reduce vyater loss and prolong Indirectly improve drug absorption™”
agents petrolatum formulation contact
Drug—vehicle | Compatibility between | Good compatibility improves Strong binding reduces release; weak
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interaction drug and base retention binding enhances releasel™’!
Appl}qatlon Sweg‘ung, washing, Decreasq ret§nt10n if Reduce available drug for releasel®
conditions rubbing formulation is removed

Skin type Oily, dry, sensitive Oily skin may reduce adhesion; | Hydration level affects drug diffusion

skin dry skin increases retention ratel’]

7. CHARACTERIZATION STRATEGIES

7.1. Physicochemical Characterization

Droplet size, polydispersity index (PDI), zeta potential, pH, and viscosity are the main
metrics used to assess nanoemulsion formulations. Dynamic light scattering is used to
quantify droplet size and PDI because smaller, evenly distributed droplets provide improved
stability and skin penetration. Higher absolute values of zeta potential, which predicts
physical stability and implies surface charge, lessen droplet aggregation because of
electrostatic repulsion. To prevent irritation, topical nanoemulsions should have a pH
between 5.0 and 6.5, which is compatible with skin. A Brookfield or rotating viscometer is
typically used to evaluate viscosity, which is crucial for spreadability, skin retention, and

patient acceptability.®]

7.2. Stability Studies

In order to make certain nanoemulsions retain their characteristics while being stored,
stability testing is crucial. In thermal stability studies, formulations are subjected to various
temperatures (such as room temperature, refrigeration, and accelerated settings) in order to
track phase separation, creaming, or droplet size changes. By using a strong gravitational
force to identify early indicators of instability like coalescence or fracture, centrifugation tests
are used to forecast long-term stability. In long-term stability tests, the formulation is kept for
several months and its physical appearance, droplet size, pH, and drug content are frequently

assessed.[>?88:89]

7.3. In Vitro Drug Release and Skin Permeation Studies

To ascertain the pace and degree of drug release from the nanoemulsion, Franz diffusion cells
with synthetic or dialysis membranes are frequently used in in vitro drug release research. To
assess medication penetration via various skin layers, skin penetration experiments are
conducted using removed human or animal skin. When comparing nanoemulsion
formulations with traditional formulations, metrics like cumulative drug permeated, flux, and

permeability coefficient are useful.[604°]
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7.4. In Vitro Anti-Acne Activity and Antimicrobial Testing

Using techniques like agar diffusion or broth dilution, in vitro antimicrobial investigations
against Cutibacterium acnes and other skin pathogens are used to assess the biological
efficacy of nanoemulsion-based anti-acne formulations. By assessing the decrease in
inflammatory markers, anti-inflammatory activity can be evaluated using cell culture models.
These results verify that nanoemulsions retain or improve the therapeutic effectiveness of the

integrated anti-acne medicines in addition to improving delivery.[®!]

8. RECENT ADVANCES AND RESEARCH TRENDS

8.1. Novel APIs in Nanoemulsions

In an effort to enhance acne treatment, recent studies have investigated a number of novel and
repurposed medications in nanoemulsion systems. To address the low skin penetration of
traditional dapsone gel, for example, dapsone nanoemulsion gels were created; research
revealed a greater reduction in inflammatory lesions with less irritation. Azelaic acid
nanoemulsions have been shown to increase the drug's solubility and skin distribution of this
weakly water-soluble medication, resulting in improved depigmenting and anti-acne benefits
with less dryness.[®?! In order to prevent the systemic adverse effects of oral medication while
retaining a potent anti-seborrheic and comedolytic activity, isotretinoin nanoemulsions for
topical use have also been investigated. Nadifloxacin nanoemulsions, which demonstrated
better antibacterial efficacy against Cutibacterium acnes than commercial creams, are another
example. Additionally, scientists have created benzoyl peroxide nanoemulsions to lessen its

potent oxidizing and irritating effects while maintaining its antibacterial efficacy.[%’!

8.2. Herbal Nanoemulsions for Acne

In recognition of improved patient acceptability and safety, herbal nanoemulsions are
becoming more and more popular. Among the most extensively studied are tea tree oil
nanoemulsions, which have potent activity against C. acnes and Staphylococcus epidermidis
while causing less skin irritation than pure oil or traditional gels. Neem oil nanoemulsions are
useful in lowering both inflammatory and non-inflammatory acne lesions and have shown
strong antibacterial and anti-inflammatory properties. In acne models, curcumin
nanoemulsions demonstrate increased anti-inflammatory and antioxidant action while also
improving curcumin's poor solubility and stability. Aloe vera extract nanoemulsions are used

to promote the healing of acne lesions and soothe irritated skin. Additionally, green tea
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polyphenol nanoemulsions have been created to lower oxidative stress and sebum production,

two major factors in the development of acne.[®]

8.3. Combination Nanoemulsions

One important area of research is combination therapy, which targets several acne-causing
variables simultaneously. For instance, by combining keratolytic and antibacterial properties,
adapalene and clindamycin co-loaded nanoemulsions have demonstrated improved
management of comedones and inflammatory lesions. Erythromycin and benzoyl peroxide
nanoemulsions have potent antibacterial properties with less irritation while lowering
bacterial resistance. Tea tree oil and salicylic acid nanoemulsions are examples of herbal-

[65] In

synthetic mixtures that have both comedolytic and antibacterial properties.
nanoemulsions, curcumin and clindamycin have demonstrated increased antibacterial and
anti-inflammatory activity. Additionally, some research has shown that adding vitamin E or
vitamin C to retinoid nanoemulsions can lessen inflammation and oxidative stress. These
practical research instances demonstrate that, when compared to traditional single-drug
topical formulations, nanoemulsion-based combination therapy offers greater efficacy,

enhanced tolerability, and increased patient compliance.[*®]

9. CHALLENGES AND LIMITATIONS

9.1. Physical and Chemical Stability Issues

Sustaining long-term chemical and physical stability is one of the fundamental issues with
topical systems based on nanoemulsions. Nanoemulsions are vulnerable to instability
processes such coalescence, flocculation, creaming, and Ostwald ripening during preservation
because of their extremely small droplet size and high surface energy [67]. These processes
can be accelerated by variations in humidity, light exposure, and temperature. Furthermore, a
lot of anti-acne medications, such retinoids, benzoyl peroxide, and herbal components, are
chemically unstable and can break down when exposed to light, moisture, or air. Drugs may
interact with surfactants and co-surfactants employed in nanoemulsions, eventually losing
their efficacy. To increase shelf life, oils, surfactants, antioxidants, and packaging

components must all be carefully chosen.[¢®!

9.2. Skin Irritation Potential
Nanoemulsions can continue to occur in skin reactions even if their controlled release is
intended to lessen irritation. The stratum corneum lipids can be disrupted by high

concentrations of surfactants and co-surfactants, which are necessary to stabilize
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nanoemulsions. This might result in dryness, burning, or erythema. Additionally, increased
penetration may raise the possibility of administering irritating medications excessively
deeply into the skin. This may exacerbate redness and discomfort in sensitive and acne-prone
skin. Some people may experience allergic reactions to herbal nanoemulsions. Therefore,
prior to clinical use, appropriate safety assessment, irritant testing, and excipient level

adjustment are required.[®”]

9.3. Scalability and Commercial Translation

Another significant challenge is scaling up nanoemulsion formulations from lab to industrial
production. Production costs are increased by high-energy techniques like ultrasonication and
high-pressure homogenization, which call for costly equipment and considerable energy
input.[®! It is theoretically difficult to maintain constant droplet size and quality throughout
large-scale manufacturing. Because nano-based goods require additional safety and toxicity
data, regulatory approval is especially complicated. Additionally, the commercial translation
of nanoemulsion-based anti-acne therapies may be delayed or restricted due to increased

production costs, stability issues, and unclear regulatory standards for nanomedicines.[”!!

9.4. Regulatory and Approval Barriers

Considering precise and consistent rules for nanomedicines are still developing, products
based on nanoemulsions are subject to regulatory uncertainty. For nano-sized systems,
regulatory bodies frequently require more toxicity, safety, and environmental effect
assessments. Development time and cost are increased as a result. Approval is made more

difficult by the absence of defined evaluation techniques for nanocarriers.!’!

9.5. Cost and Market Acceptance

Compared to traditional topical formulations, nanoemulsion solutions are more costly due to
the usage of specialized excipients, sophisticated equipment, and lengthy safety testing. This
could restrict acceptance and affordability, particularly in markets with low and moderate
incomes. The lack of long-term clinical information may also make patients and physicians

reluctant to use nano-based products.!”’!

9.6. Formulation Complexity and Compatibility Issues
Carefully choosing the oil, surfactant, co-surfactant, and medication is necessary to create a
stable nanoemulsion. Certain medications exhibit poor compatibility with specific excipients,

which can cause instability or precipitation. It is also difficult to include nanoemulsions into
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gels or creams without changing the size of the droplets. Both the development time and the

failure risk are increased by the aforementioned formulation complexity.[#

10. FUTURE PERSPECTIVES

10.1. Smart and Stimuli-Responsive Nanoemulsions

Future studies will concentrate on creating "smart" nanoemulsions that can react to particular
stimuli like pH, temperature, enzymes, or oxidative stress seen in skin that is irritated by
acne. For instance, in the slightly acidic environment of inflammatory follicles, pH-

[75] When bacterial enzymes

responsive nanoemulsions may release medications more quickly.
from Cutibacterium acnes are present, enzyme-responsive systems may release antibiotics or
anti-inflammatory substances. When skin temperature increases during inflammation,
temperature-sensitive nanoemulsions may improve medication release. By enabling on-
demand medication release, these devices would increase efficacy while reducing needless

exposure and adverse effects.[’®!

10.2. Personalized Topical Therapy

Another interesting approach is personalized nanoemulsion-based therapy. Individual
differences in acne severity, skin type, hormonal effect, and microbiological profile are
significant.’”! In the future, formulations might be tailored according to patient-specific
characteristics like inflammatory condition, dominant bacterial strains, oily or dry skin, and
sensitivity. For instance, individuals with mostly comedonal acne could be given
formulations containing retinoids and keratolytics, whereas those with severely inflammatory
acne may receive nanoemulsions rich in anti-inflammatory and antioxidant compounds.
Artificial intelligence, biomarkers, and digital skin analysis could be combined to create

customized nanoemulsion compositions for the best results.[”®]

10.3. Clinical Translation Opportunities

There can be a great deal of potential for clinical translation, even if the majority of
nanoemulsion systems currently remain in the laboratory or preclinical stage. In order to
demonstrate long-term safety and greater efficacy over traditional formulations, future efforts
should concentrate on carrying out carefully planned clinical trials. Researchers, the
pharmaceutical industry, and regulatory bodies working together can expedite development
and approval. Nanoemulsion-based topical solutions may soon be commercially readily
accessible and frequently employed in the treatment of acne thanks to enhanced stability,

scalable production techniques, and unambiguous regulatory guidelines.[”!
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CONCLUSION

Topical medication delivery methods based on nanoemulsions are a major development in the
treatment of acne vulgaris. Nanoemulsions offer superior medication solubilization, improved
skin and follicular penetration, and better stability of both synthetic and herbal anti-acne
medicines by addressing the drawbacks of traditional creams and gels. They are particularly
well suited for delivering medications directly to the primary sites implicated in acne
development because of their small droplet size, broad surface area, and capacity to target
pilosebaceous units. Consequently, nanoemulsions can lessen local discomfort and the

requirement for repeated application while increasing therapeutic efficiency.

Research investigations have demonstrated encouraging effects when a variety of active
pharmaceutical compounds, including as retinoids, antibiotics, anti-inflammatory
medications, and herbal extracts, are used. When compared to single-drug formulations,
combination nanoemulsions that target several pathogenic variables, including excess sebum
production, bacterial colonization, inflammation, and follicular hyperkeratinization, have
shown better results. Evaluations conducted both in vitro and in vivo consistently show
improved skin retention, controlled release, and increased antibacterial and anti-inflammatory
activity, underscoring the potential of nanoemulsions as topical carriers for long-term acne

treatment.

Despite these benefits, widespread clinical use is still constrained by issues with stability,
safety, scalability, and regulatory approval. In addition to carrying out extensive clinical trials
to determine long-term safety and efficacy, future research should concentrate on creating
more stable, patient-friendly, and economical formulations. Nanoemulsion-based topical
solutions are expected to play a significant role in future-oriented acne therapy and
customized dermatological care with ongoing technological improvements and increased

industry-academia collaboration.
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