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ABSTRACT

This abstract illustrates the therapeutic potential of nanostructured lipid carriers (NLCs) as an advanced topical drug
delivery system for the treatment of impetigo, a contagious superficial skin infection. The schematic begins by
depicting infected epidermal layers colonized by Staphylococcus aureus and Streptococcus pyogenes, highlighting the
challenges posed by conventional topical antibiotics, which often fail due to poor penetration, rapid drug clearance,
and limited retention. In contrast, NLC-based formulations are shown to penetrate deeper into the epidermis, ensuring
enhanced drug deposition, sustained release, and prolonged therapeutic action. The lipid nanoparticles interact with
bacterial cell membranes and biofilms, leading to disruption of biofilm architecture, increased bacterial killing, and
accelerated lesion healing. This mechanism not only improves antibacterial efficacy but also reduces recurrence and
resistance potential. The abstract further emphasizes the multifunctional advantages of NLCs, including their ability
to encapsulate both conventional antibiotics and natural antimicrobial agents. Their biocompatibility, safety, and ease
of application make them particularly suitable for pediatric, patient-centric therapy, positioning NLCs as a
next-generation strategy in dermatological drug delivery.

Nanostructured lipid carriers enable targeted, sustained, and safer topical therapy for effective management of
impetigo.
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1. Introduction conventional topical therapies often suffer from

limitations, including poor skin penetration, short drug

Impetigo is a superficial bacterial infection of the skin
that spreads rapidly and is most frequently seen in
infants and young children, though adolescents and
adults may also be affected. The condition is primarily
attributed to Staphylococcus aureus and Streptococcus
pyogenes, which produce characteristic erythematous
patches, vesicles, pustules, and the classic
honeycolored crusts. It is particularly prevalent in
warm, humid environments and is often linked to poor
hygiene, minor skin injuries, and overcrowded living
conditions . While impetigo is not usually life-
threatening, its high transmissibility, recurrent nature,
and potential complications make it an important
global public health issue. Traditional management
relies on topical or systemic antibiotics such as
mupirocin, fusidic acid, retapamulin, and, in severe
cases, oral p-lactams or macrolides. However,

residence time, frequent dosing requirements, and
reduced patient adherence . The growing prevalence of
antibiotic-resistant strains, particularly methicillin-
resistant Staphylococcus aureus (MRSA), further
undermines the effectiveness of existing treatment
strategies. Advances in nanotechnology have
introduced innovative drug delivery systems for
dermatological infections. Among these,
nanostructured lipid carriers (NLCs) have attracted
significant attention due to their ability to enhance
solubility, improve dermal penetration, provide
controlled drug release, and reduce local irritation. As
second-generation lipid nanoparticles composed of
both solid and liquid lipids, NLCs offer superior drug
loading capacity and stability compared to earlier
lipid-based systems . These attributes make them
highly suitable for topical administration of
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antibacterial agents in impetigo therapy. This review
highlights recent progress in NLC-based drug delivery
approaches for impetigo, focusing on formulation
design, evaluation parameters, therapeutic
applications, and future perspectives. The potential of
NLCs to address the shortcomings of conventional
treatments and improve clinical outcomes is critically
examined .

1.1 Clinical Forms, Pathogenesis, and Therapeutic
Challenges of Impetigo

Impetigo manifests in two principal clinical variants:
non-bullous and bullous. The non-bullous form, which
is more prevalent, is typically associated with
Streptococcus pyogenes or Staphylococcus aureus. It
presents as small vesicles that rupture and evolve into
thick, honeycolored crusts . In contrast, bullous
impetigo is largely attributed to toxin-producing
strains of Staphylococcus aureus and is characterized
by larger, fluid-filled bullae that rupture easily, leaving
behind erosive lesions. Both forms commonly affect
exposed regions such as the face, arms, and legs, and
can spread rapidly through autoinoculation .

The pathogenesis of impetigo begins with bacterial
colonization of the stratum corneum, often following
minor trauma, insect bites, eczema, or other pre-
existing dermatoses. Bacterial toxins and enzymes
compromise the integrity of the skin barrier, leading to
inflammation, epidermal damage, and lesion
development. This disruption not only facilitates
bacterial proliferation but also hinders effective topical
drug delivery, making it difficult to achieve
therapeutic concentrations at the site of infection .
Current treatment strategies rely on topical and
systemic antibiotics, yet they face significant
limitations. Poor drug penetration into infected skin
layers, rapid removal of topical agents due to sweating
or washing, and the requirement for multiple daily
applications reduce therapeutic efficiency and patient
adherence. Moreover, prolonged antibiotic use
contributes to resistance, treatment failure, and
recurrence, underscoring the need for improved
therapeutic approaches. Nanostructured lipid carriers
(NLCs) have emerged as a promising solution to these
challenges. Their lipid-based composition mimics the
skin’s natural lipid matrix, enabling stronger adhesion
to the skin surface, enhanced penetration into
epidermal layers, and sustained release of antibacterial
agents. These properties make NLCs an attractive and
effective platform for the topical management of
impetigo, with the potential to overcome the
shortcomings of conventional therapies .

2. Nanostructured Lipid Carriers (NLCs):
Concept, Composition, and Advantages

Nanostructured lipid carriers (NLCs) represent a
second-generation lipid-based nanocarrier system
designed to overcome the drawbacks of solid lipid
nanoparticles (SLNs). They are composed of a mixture
of solid lipids and liquid lipids (oils), stabilized with
appropriate surfactants. This combination produces a
partially crystalline, highly disordered lipid matrix that
allows greater drug loading capacity, minimizes drug
expulsion  during  storage, and  enhances
physicochemical stability compared to SLNs . The
rationale behind NLC development was to improve the
delivery of poorly soluble drugs while ensuring safety
and biocompatibility. Their nanoscale dimensions and
lipidic composition confer strong affinity for the skin
and excellent occlusive properties, making them
particularly suitable for topical applications .

When applied, NLCs form a thin lipid film that
reduces trans epidermal water loss, increases
hydration, and facilitates deeper penetration of the
encapsulated drug into epidermal layers. For the
treatment of impetigo, NLCs provide several
therapeutic benefits. They enable localized drug
deposition, sustained release of antibacterial agents,
reduced dosing frequency, and limited systemic
absorption. Because their lipid components closely
mimic the physiological lipids of the stratum corneum,
NLCs interact effectively with the skin barrier,
ensuring better retention of drugs at the site of
infection . These attributes make them an ideal carrier
system for topical antibiotics, antimicrobial peptides,
and natural antibacterial agents. Another advantage of
NLCs is their versatility in formulation. They can be
incorporated into conventional dosage forms such as
gels, creams, and ointments, thereby improving patient
compliance and acceptability. Additionally, NLCs
protect unstable drugs from degradation and enhance
therapeutic efficacy, positioning them as a promising
platform for the management of bacterial skin
infections, including impetigo .

2.1 Composition and Structural Features of
Nanostructured Lipid Carriers

Nanostructured lipid carriers (NLCs) are built from
three essential components: solid lipids, liquid lipids,
and surfactants. Solid lipids such as glyceryl
monostearate, stearic acid, cetyl palmitate, and
compritol provide the structural backbone of the
nanoparticle matrix. To this framework, liquid lipids
like oleic acid, mediumchain triglycerides, and
isopropyl myristate are incorporated. Their presence
introduces imperfections into the crystalline lattice,
which prevents drug expulsion and enhances
entrapment  efficiency Surfactants  and co-
surfactants—including polysorbates, poloxamers, and
lecithin—are critical for stabilizing the dispersion. By
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lowering interfacial tension and preventing particle
aggregation, they ensure uniformity and long-term
stability. The type and concentration of surfactants
directly influence key parameters such as particle size,
zeta potential, and overall formulation robustness .

Structurally, NLCs are categorized into three distinct
types:
[l Imperfect crystal type —a disordered matrix

formed by solid and liquid lipids, offering
high drugloading capacity.

(] Amorphous type — designed to remain
noncrystalline, thereby minimizing the risk
of drug expulsion during storage.

(] Multiple oilinfatinwater type -
characterized by oil nanocompartments
embedded within a solid lipid matrix,
enabling controlled and sustained drug
release.

This structural diversity allows NLCs to be tailored for
specific therapeutic needs, making them versatile
carriers for topical drug delivery see the figure 1.
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Figure 1: Structural Comparison of Lipid-Based
Drug Delivery Systems

Schematic representation illustrating the structural
difference between solid lipid nanoparticles (SLNs),
nanostructured  lipid  carriers (NLCs), and
conventional topical formulations. The incorporation
of liquid lipids into the solid lipid matrix of NLCs
creates structural imperfections, resulting in enhanced
drug loading, improved stability, and sustained drug
release.

3. Formulation Strategies of Nanostructured Lipid
Carriers

The successful formulation of nanostructured lipid
carriers (NLCs) requires strategic selection of lipids,
surfactants, and processing techniques to achieve
desirable particle size, stability, drug entrapment, and
therapeutic performance. A defining feature of NLCs

is their hybrid lipid matrix—comprising both solid and
liquid lipids—which introduces structural
imperfections that enhance drug loading and prevent
drug expulsion during storage. These formulation
principles are particularly critical for topical
applications in impetigo therapy, where improved skin
penetration, sustained drug release, and localized
antibacterial action are essential .

Key physicochemical attributes of NLCs—such as
particle size distribution, surface charge (zeta
potential), entrapment efficiency, and drug release
kinetics—are highly sensitive to formulation
variables. These include the type and ratio of lipids,
concentration of surfactants, and the method of
preparation (e.g., high-pressure homogenization,
ultrasonication). Careful optimization of these
parameters ensures strong skin adhesion, extended
residence time, and enhanced therapeutic efficacy
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against the bacterial pathogens responsible for
impetigo .

3.1 Selection of Lipid Components
3.1.1 Solid Lipids

Solid lipids serve as the structural foundation of
nanostructured lipid carriers (NLCs), playing a pivotal
role in maintaining nanoparticle stability and ensuring
effective drug retention. Commonly employed solid
lipids include glyceryl monostearate, stearic acid,
cetyl palmitate, compritol 888 ATO, and Precirol.
These lipids are selected based on key criteria such as
biocompatibility, melting point, and their capacity to
solubilize the active pharmaceutical ingredient. In
topical NLC formulations for impetigo, solid lipids
also contribute to occlusive effects, which enhance
skin hydration and promote deeper drug penetration .

3.1.2 Liquid Lipids
Liquid lipids—such as oleic acid, mediumchain
triglycerides, isopropyl myristate, and miglyol—are

incorporated into the solid lipid matrix to introduce
Table 1: Components of NLCs and Their Roles

structural imperfections. These imperfections increase
the free volume within the lipid core, thereby
improving drug entrapment efficiency and minimizing
the risk of drug expulsion during storage. Additionally,
certain liquid lipids function as penetration enhancers,
facilitating the delivery of antibacterial agents into
deeper layers of infected skin .

3.1.3 Surfactants and Cosurfactants

Surfactants are essential for stabilizing NLC
dispersions by lowering interfacial tension and
preventing particle aggregation. Non-ionic surfactants
such as polysorbates (e.g., Tween 80), poloxamers,
and lecithin are preferred due to their low toxicity and
excellent skin compatibility. The type and
concentration of surfactants significantly influence
critical formulation parameters, including particle
size, polydispersity index, and =zeta potential.
Cosurfactants may be added to further enhance
dispersion  stability and improve formulation
homogeneity. See Table 1 for components and their
roles in NLC formulations

Component Examples Primary Role Impact on Formulation
Solid Lipids Glyceryl monostearate, Provide structural Occlusive properties —
Stearic  acid, Cetyl backbone; ensure enhance  hydration &
palmitate, Compritol stability; aid  drug penetration; determine
888 ATO, Precirol retention melting point & solubility
Liquid Oleic acid, Medium- Introduce imperfections Increase drug entrapment
Lipids chain triglycerides, in the  crystalline efficiency; reduce drug
Isopropyl myristate, matrix; act as expulsion; improve dermal
Miglyol penetration enhancers delivery
Surfactants Polysorbates (Tween Stabilize  dispersion; Influence particle size,
80), Poloxamers, reduce interfacial polydispersity index, zeta
Lecithin tension; prevent potential; improve skin
aggregation compatibility
Co- Short-chain  alcohols, Support surfactant Improve dispersion
surfactants bile salts action; enhance quality; ensure long-term
stability and stability
homogeneity

3.2 Preparation Methods of Nanostructured Lipid
Carriers

The method of preparation is a decisive factor in
shaping the physicochemical properties, stability, and
therapeutic performance of nanostructured lipid
carriers (NLCs). Critical parameters such as particle
size, polydispersity index, drug entrapment efficiency,
and release kinetics are directly influenced by the
fabrication technique employed. For topical

applications in impetigo therapy, the preparation
process must yield nanoparticles with uniform size
distribution, high stability, and minimal reliance on
toxic solvents to ensure compatibility with the skin .

A variety of conventional and advanced approaches
have been explored for NLC production. Among these,
high-pressure homogenization, microemulsion-based
techniques, and solvent evaporation methods are the
most widely reported. Each technique offers distinct
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advantages in terms of scalability, reproducibility, and
control over particle characteristics, making them
valuable tools in the design of effective NLC
formulations for antibacterial therapy .

3.2.1 High-Pressure Homogenization (HPH)

High-pressure homogenization (HPH) is the most
widely adopted and industrially scalable technique for
producing nanostructured lipid carriers (NLCs). In this
process, the lipid phase is first melted, and the drug is
either dissolved or dispersed within the molten lipids.
This mixture is then emulsified with an aqueous
surfactant solution and subjected to homogenization
under high pressure. The resulting nanoemulsion is
subsequently cooled to room temperature, leading to
lipid solidification and the formation of stable NLCs .

HPH offers several distinct advantages, including a
narrow particle size distribution, high reproducibility,
and suitability for large-scale manufacturing. For
topical antibacterial formulations, this method ensures
uniform drug dispersion within the lipid matrix and
promotes improved penetration into the skin.
However, the requirement for elevated temperatures
and exposure to mechanical stress may restrict its use
for thermostable or sensitive drug molecules .

3.2.2 Microemulsion-Based Technique

The microemulsion technique relies on the formation
of a thermodynamically stable system composed of
melted lipids, surfactants, co-surfactants, and water.
When this microemulsion is diluted with cold water
under controlled stirring, the lipid phase precipitates,
leading to the formation of nanostructured lipid
carriers (NLCs). This method is particularly valued for
its simplicity, low energy requirement, and ability to
generate nanoparticles with a small particle size and
high drug entrapment efficiency . In topical drug
delivery, microemulsion-based ~ NLCs have
demonstrated significant potential by improving skin
permeation and enabling sustained release of
encapsulated agents. These attributes make the
technique especially suitable for developing NLC
formulations aimed at the effective management of
impetigo .

3.2.3 Solvent Evaporation Method

The solvent evaporation method involves dissolving
both lipids and the drug in a suitable organic solvent,
followed by emulsification into an aqueous surfactant
phase. Once the emulsion is formed, the organic
solvent is removed under reduced pressure, leading to
lipid precipitation and the subsequent formation of
nanostructured lipid carriers (NLCs). This technique
offers precise control over particle size and drug
loading capacity, making it a useful approach for
tailoring NLC properties . However, the reliance on
organic solvents introduces challenges related to
residual toxicity and regulatory compliance. For
topical formulations intended to treat pediatric skin
infections such as impetigo, careful selection of
solvents and complete removal during processing are
essential to ensure safety, biocompatibility, and
therapeutic reliability .

3.2.4 Emerging and Modified Techniques

Recent innovations in nanostructured lipid carrier
(NLC) technology have led to the development of
modified preparation methods as shown in figure 2
designed to overcome the limitations of conventional
techniques. Approaches such as
ultrasonication-assisted homogenization,
melt-emulsification, and cold homogenization have
been introduced to enhance formulation efficiency and
improve product quality These methods are
particularly advantageous as they help to minimize
thermal stress, thereby protecting heat-sensitive drugs,
while simultaneously improving drug stability and
offering greater control over particle size and
distribution. By tailoring the preparation technique,
researchers can achieve more consistent drug
entrapment and controlled release profiles. The choice
of method ultimately depends on the physicochemical
properties of the drug, the desired release kinetics, and
the intended clinical application. For topical therapies
such as impetigo treatment, these emerging techniques
provide valuable flexibility in designing NLCs that
combine safety, stability, and therapeutic effectiveness
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Figure 2: Schematic Representation of Common Preparation Methods of Nanostructured Lipid Carriers
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Flowchart illustrating major preparation techniques of nanostructured lipid carriers, including high-pressure homogenization,
microemulsion-based method, and solvent evaporation technique, highlighting key processing steps involved in NLC fabrication.

Figure 2: Schematic Representation of Common
Preparation Methods of Nanostructured Lipid
Carriers

Flowchart illustrating major preparation techniques of
nanostructured lipid carriers, including high-pressure
homogenization, microemulsion-based method, and
solvent evaporation technique, highlighting key
processing steps involved in NLC fabrication.

4. Evaluation Parameters of Nanostructured Lipid
Carriers

Thorough evaluation of nanostructured lipid carriers
(NLCs) is critical to ensure their physicochemical
stability, safety, and therapeutic efficacy, particularly
for topical applications in impetigo management.
Comprehensive characterization provides essential
data on parameters given in Table 2, such as particle
size distribution, surface charge (zeta potential),
drug-loading capacity, release kinetics, and skin
permeation potential . These attributes collectively
influence the clinical performance of NLC
formulations and their ability to deliver antibacterial
agents effectively to infected epidermal layers. For
dermatological use—especially in pediatric conditions
like impetigo—evaluation must also include skin
compatibility, irritation potential, and localized drug
retention. These factors are vital for ensuring patient
safety, minimizing adverse reactions, and achieving
sustained therapeutic action at the site of infection .

4.1 Particle Size and Polydispersity Index (PDI)

Particle size is a key determinant of the skin
penetration ability, physical stability, and drug release
profile of nanostructured lipid carriers (NLCs). For
topical applications, especially in impetigo therapy,
nanoparticles within the range of 50-300 nm are
considered ideal . This size range promotes strong
adhesion to the stratum corneum and facilitates drug
diffusion into superficial skin layers while minimizing
systemic absorption. The polydispersity index (PDI)
reflects the uniformity of particle size distribution. A
PDI value below 0.3 indicates a narrow and
homogeneous size range, which is desirable for
consistent formulation behavior. Together, smaller
particle size and low PDI contribute to enhanced
physical stability, predictable drug release, and
reliable therapeutic performance—attributes that are
particularly important for treating localized bacterial
infections such as impetigo .

4.2 Zeta Potential

Zeta potential represents the surface charge of
nanoparticles and is a critical parameter for assessing
colloidal stability. Nanostructured lipid carriers
(NLCs) with values exceeding +20 mV are generally
regarded as stable, as the electrostatic repulsion
between particles prevents aggregation. In topical
formulations, surface charge not only governs
dispersion stability but also influences interactions
with the negatively charged skin surface . This directly
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impacts drug retention at the application site and
facilitates penetration into epidermal layers.
Maintaining an appropriate zeta potential is therefore
essential to ensure long-term stability of NLC
dispersions, minimize particle aggregation during
storage, and optimize therapeutic performance in
impetigo treatment .

4.3 Entrapment Efficiency and Drug Loading

Entrapment efficiency (EE) refers to the proportion of
drug successfully incorporated within the lipid matrix
of nanostructured lipid carriers (NLCs). One of the key
advantages of NLCs over conventional lipid
nanoparticles lies in their imperfect crystalline
structure, generated by the inclusion of liquid lipids .
These structural irregularities create additional space
within the matrix, allowing higher drug entrapment
and minimizing the risk of drug expulsion during
storage. High drug loading capacity is particularly
beneficial for topical therapy, as it enables sustained
release of antibacterial agents and reduces the need for
frequent application. This not only enhances
therapeutic effectiveness but also improves patient
compliance, which is especially important in the
management of recurrent infections such as impetigo .

4.4 Morphological Characterization

Morphological assessment of nanostructured lipid
carriers (NLCs) is typically performed using advanced
imaging techniques such as transmission electron
microscopy (TEM) and scanning electron microscopy
(SEM). These analyses provide detailed information
on particle shape, surface features, and internal
structure . NLCs generally display a spherical or
near-spherical morphology with smooth surfaces,
which is advantageous for uniform application on the
skin and facilitates effective penetration into
superficial layers .

4.5 In Vitro Drug Release Studies

In vitro drug release experiments are essential for
evaluating the release kinetics of antibacterial agents
from NLC formulations . Sustained and controlled
release is a highly desirable property in impetigo
therapy, as it ensures prolonged maintenance of
therapeutic drug levels at the site of infection. NLCs
typically exhibit a biphasic release profile,
characterized by an initial burst release followed by a
gradual, extended release from the lipid matrix. This
dual-phase behaviour enhances both immediate
antibacterial action and long-term efficacy .

4.6 Ex Vivo Skin Permeation and Retention Studies

Ex vivo permeation studies, conducted using excised
animal or human skin models, provide valuable
insights into the penetration and retention
characteristics of NLCs . Compared to conventional
topical formulations such as creams and ointments,
NLCs demonstrate significantly higher drug retention
within the epidermal and dermal layers, while
minimizing systemic absorption. This localized
delivery is particularly beneficial in reducing systemic
side effects and improving therapeutic outcomes in
impetigo management .

4.7 Skin Irritation and Safety Assessment

Safety evaluation is critical for topical NLC
formulations, especially those intended for pediatric
use. Skin irritation and compatibility studies confirm
the tolerability of NLCs composed of biocompatible
lipids and non-ionic surfactants . These formulations
generally exhibit minimal irritation potential,
supporting their suitability for repeated topical
application . Such findings reinforce the safety profile
of NLCs and wvalidate their use in long-term
management of bacterial skin infections like
impetigo.

Table 2: Evaluation Parameters of Nanostructured Lipid Carriers

Parameter Technique Purpose Relevance to
Impetigo Treatment

Particle size Dynamic light scattering Determines Enhances skin

(DLS) penetration & stability localization
PDI DLS Measures Ensures  formulation
homogeneity uniformity

Zeta potential Electrophoretic mobility Indicates stability Prevents aggregation

Entrapment Centrifugation/UV Measures drug loading Sustained antibacterial

efficiency analysis action
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Morphology TEM/SEM Particle shape & Uniform topical
surface application
In vitro release Dialysis method Release kinetics Prolonged drug
availability
Ex vivo Franz diffusion cell Skin penetration Localized drug
permeation delivery

5. Latest Applications of Nanostructured Lipid
Carriers in the Treatment of Impetigo

5.1 NLC-Based Delivery of
Antibiotics for Impetigo

Conventional

Impetigo, a highly contagious superficial skin
infection, is predominantly caused by Staphylococcus
aureus and Streptococcus pyogenes. The growing
incidence of antibiotic resistance and biofilm
formation has significantly reduced the effectiveness
of conventional topical therapies, necessitating
advanced delivery systems . Nanostructured lipid
carriers (NLCs) have emerged as promising vehicles
capable of overcoming these limitations by enhancing
drug penetration, prolonging retention, and improving
antimicrobial efficacy directly at the site of infection .
NLCs have been widely investigated for the topical
delivery of conventional antibiotics such as mupirocin,
fusidic acid, erythromycin, clindamycin, and

gentamicin . Encapsulation of these agents within
NLCs confers several therapeutic advantages,
including:

Improved drug solubility and stability

(1 Enhanced penetration into infected skin
layers

(]  Prolonged residence time at the site of
infection

(] Reduced dosing frequency and minimized
systemic exposure

Evidence from multiple studies demonstrates that
mupirocin-loaded NLCs exhibit markedly higher
antibacterial activity against S. aureus compared to
conventional ointments, attributed to sustained drug
release and improved follicular penetration. Similarly,
fusidic acid-loaded NLCs have demonstrated superior
skin permeation and extended antimicrobial activity,
making them particularly effective for treating
superficial bacterial infections, such as impetigo. In
addition, NLC-based formulations reduce local
irritation and enhance patient compliance—an
especially important consideration in pediatric
impetigo therapy .

These findings underscore the potential of NLCs as
superior carriers for conventional antibiotics;
however, recent research has expanded their
application toward addressing biofilm-associated
infections and drug resistance mechanisms. See Table
3 NLC-Based Antibiotic Formulations Investigated
for Impetigo Treatment and Figure 3 Mechanism of
Enhanced Antibacterial Activity of NLCs in Impetigo.

Table 3: NLC-Based Antibiotic Formulations Investigated for Impetigo Treatment

targeting

compliance

Antibiotic Type of NLC Key Outcomes Therapeutic References
Advantage

Mupirocin Solid-liquid Sustained release, Reduced  dosing

lipid NLC enhanced skin frequency

retention

Fusidic acid Topical NLC Improved permeation Prolonged

gel antimicrobial effect
Erythromycin NLC Increased Better

dispersion antibacterial activity bioavailability
Clindamycin NLC hydrogel Enhanced follicular Improved patient
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Figure 3: Mechanism of Enhanced Antibacterial Activity of NLCs in Impetigo

Figure 3: Mechanism of Enhanced Antibacterial
Activity of NLCs in Impetigo

5.2 NLC:s for Bio-film Targeted Impetigo Therapy

The development of bacterial biofilms is a major
contributor to therapeutic failure and recurrence in
impetigo, particularly in infections caused by
Staphylococcus aureus. Biofilms form a protective
extracellular polymeric matrix (EPS) that restricts
antibiotic penetration and enhances bacterial
resistance, thereby reducing the effectiveness of
conventional topical formulations. Nanostructured
lipid carriers (NLCs) offer a promising strategy for
biofilm-targeted therapy due to their nanoscale
dimensions, lipidic composition, and sustained drug
release capabilities . The lipid matrix of NLCs enables
close interaction with bacterial membranes and the
EPS, facilitating deeper penetration and improved
drug delivery to embedded bacterial cells.
Encapsulation of antibiotics within NLCs has been
shown to markedly enhance antibiofilm efficacy by
maintaining prolonged therapeutic concentrations at
the site of infection. This sustained exposure disrupts
biofilm architecture, increases bacterial membrane
permeability, and promotes effective bacterial
eradication. Furthermore, the occlusive properties of
NLCs improve skin hydration, which enhances drug
diffusion into infected tissues .

The biofilm-disrupting potential of NLCs is
particularly valuable in pediatric impetigo, where
treatment safety and compliance are critical. By
reducing dosing frequency and improving localized
antibacterial action, NLC-based systems minimize
irritation and lower the risk of resistance development.
In summary, NLC-mediated biofilm targeting
represents an advanced and clinically relevant
approach for improving therapeutic outcomes in both
acute and recurrent impetigo .

5.3 NLC-Based Delivery of Natural Antimicrobial
Agents for Impetigo Treatment

The rising incidence of antibiotic resistance, recurrent
infections, and safety concerns has stimulated interest
in natural antimicrobial agents as alternative or adjunct
therapies for impetigo. Phytochemicals and essential
oils are known for their broad-spectrum antibacterial,
anti-inflammatory, and wound-healing properties .
However, their direct clinical use is restricted by poor
aqueous  solubility, volatility, instability, and
inadequate skin penetration. Nanostructured lipid
carriers (NLCs) provide an effective solution by
encapsulating natural actives within a biocompatible
lipid matrix, thereby improving their stability,
bioavailability, and therapeutic performance .

5.3.1 Essential Oils-Loaded NLCs
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Essential oils such as tea tree oil, eucalyptus oil, and
thyme oil exhibit potent antibacterial activity against
Staphylococcus aureus and Streptococcus species
commonly implicated in impetigo. Tea tree oil, in
particular, demonstrates strong bactericidal and
anti-inflammatory effects, but its volatility and
potential for irritation limit direct topical use .

Encapsulation of essential oils into NLCs:

* Reduces volatility and degradation

» Controls release of active constituents

* Minimizes skin irritation

* Enhances penetration into infected skin layers

Tea tree oil-loaded NLCs have shown superior
antibacterial efficacy and prolonged activity compared
to conventional oil formulations, making them suitable
for pediatric topical applications .

5.3.2 Curcumin-Loaded NLCs

Curcumin, a natural polyphenol derived from
Curcuma longa, possesses antibacterial,
anti-inflammatory, and wound-healing properties.
Despite its therapeutic potential, curcumin suffers
from poor solubility, rapid degradation, and limited
skin penetration. NLC-based systems significantly
improve curcumin’s stability and retention within the
skin . Curcumin-loaded NLCs have demonstrated
enhanced antibacterial activity against Gram-positive
bacteria, reduced inflammation, and accelerated lesion
healing. These multifunctional effects make
curcumin-loaded NLCs particularly valuable for
inflamed and crusted impetigo lesions .

5.3.3 Neem-Based NLC Formulations

Neem (Azadirachta indica) extracts are well
recognized for their antibacterial, antifungal, and
immunomodulatory properties. Active compounds
such as nimbidin and azadirachtin show efficacy
against skin pathogens, but their poor bioavailability
and formulation challenges limit clinical use.
Incorporating neem extracts into NLCs enhances
antimicrobial activity by improving skin penetration
and sustained release. Neem-based NLCs represent a
promising, natural, and safer alternative for long-term
management of superficial skin infections, particularly
in children .

5.3.4 Advantages of Natural Active-Loaded NLCs
in Impetigo

NLC-based delivery of natural antimicrobials offers
several distinct advantages:

* Reduced risk of antimicrobial resistance

» Improved skin tolerability

e Synergistic antibacterial and anti-inflammatory
effects

» Enhanced patient acceptance, especially in pediatric
care

These systems can be employed either alone or in
combination with conventional antibiotics, providing
superior  therapeutic = outcomes in  impetigo
management .

The incorporation of natural antimicrobial agents into
nanostructured lipid carriers (NLCs) represents a
sustainable, patient-centric, and clinically relevant
strategy for the effective management of impetigo. By
combining the biocompatibility and safety profile of
natural actives with the advanced delivery capabilities
of NLCs, this approach not only addresses the
challenges of antibiotic resistance and recurrent
infections but also enhances therapeutic outcomes
while ensuring better tolerability in pediatric patients .

5.4 Pediatric-Friendly and Patient-Centric NLC
Formulations

Impetigo is most prevalent among infants and young
children, making safety, tolerability, and ease of
application essential considerations in topical therapy.
Conventional antibiotic ointments often present
drawbacks such as skin irritation, greasy texture,
frequent dosing requirements, and poor compliance,
underscoring the need for pediatric-friendly and
patient-centric drug delivery systems. Nanostructured
lipid carriers (NLCs) are particularly well suited for
pediatric dermatology due to their composition of
biocompatible  lipids, mild surfactants, and
non-irritating excipients . Their nanoscale dimensions
enable precise drug localization within superficial skin
layers while minimizing systemic absorption, thereby
reducing the risk of adverse effects. NLC formulations
can be incorporated into gels, creams, and hydrogels
with favorable sensory attributes such as non-greasy
texture, smooth spreadability, and rapid absorption.
Their sustained release behaviour reduces dosing
frequency, significantly improving adherence among
pediatric patients and caregivers .

Additionally, NLCs provide enhanced skin hydration
through occlusive effects, which accelerate lesion
healing and alleviate discomfort such as itching and
inflammation. The ability to encapsulate both
synthetic antibiotics and natural antimicrobial agents
further supports the development of safer,
combination therapies tailored to pediatric needs . In
summary, patient-centric NLC formulations represent
a clinically relevant advancement in impetigo
management, aligning with the principles of pediatric
dermatological care by prioritizing safety, comfort,
and therapeutic effectiveness .
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Despite their promise, the clinical translation of
NLC-based systems hinges on overcoming regulatory
approval, manufacturing consistency, and scalability
challenges to ensure safe, effective, and widely
accessible therapies for impetigo.

6. Future Trends and Clinical Translation of
Nanostructured Lipid Carriers

Future research on NLCs is moving toward advanced
designs such as surface-modified and ligand-
functionalized systems for improved skin targeting
and bacterial specificity. Combination therapies,
especially antibiotic—natural active co-delivery, aim to
reduce resistance and enhance outcomes. Smart,
stimuli-responsive NLCs that release drugs in
response to pH, enzymes, or bacterial toxins promise
precise, on-demand treatment.

For clinical translation, challenges in scale-up,
stability, and regulatory approval must be addressed
through standardized protocols and large-scale
studies. With continued progress, NLCs are expected
to become a next-generation platform for impetigo
therapy, offering superior efficacy, safety, and patient
compliance in pediatric care.

CONCLUSION

Nanostructured lipid carriers (NLCs) are emerging as
an innovative and versatile nanotechnological system
with immense potential to transform topical therapy
for impetigo. These lipid-based nanoparticles are
designed to overcome the limitations of conventional
treatments by offering enhanced drug penetration
through the skin, sustained release of therapeutic
agents, and improved patient compliance. Their
unique structure allows the incorporation of both
traditional antibiotics and natural antimicrobial
compounds, thereby broadening the therapeutic
spectrum while reducing the risk of resistance. In
pediatric skin infections such as impetigo, where
safety, efficacy, and ease of application are critical,
NLCs provide a patient-centric approach. They not
only ensure localized delivery with minimal systemic
exposure but also maintain therapeutic concentrations
for longer durations, reducing the frequency of
application. Furthermore, their adaptability enables
tailoring formulations to meet diverse clinical needs,
making them highly relevant for future dermatological
practice. With their biocompatibility, stability, and
multifunctional capabilities, NLCs stand out as a
next-generation solution poised to redefine the
management of impetigo and improve outcomes in
pediatric care.
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