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Methods: NLCs are formulated using various techniques, such as high-pressure
homogenization, solvent evaporation, and microemulsion methods. These approaches, along
with the use of appropriate solid and liquid lipids and surfactants, enable the customization
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Received: 18 Mar 2025 . performance and potential of NLCs in drug delivery.
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drug release, and increased permeability of poorly water-soluble drugs. These characteristics
make them effective for targeted delivery in the treatment of chronic and complex conditions,
such as cancer, infections, neurological disorders, diabetes, hypertension, and pain
management. Additionally, their application in gel-based formulations supports long-term
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Introduction

n today’s healthcare landscape, improv-

ing drug delivery requires innovative ap-

proaches that maximize therapeutic out-

comes while minimizing side effects [1].

Traditional methods, such as oral tablets,

injections, and topical creams deliver drugs
without specialized carriers, which can lead to poor bio-
availability, rapid clearance, and non-specific distribu-
tion [2-4]. For instance, oral drugs may degrade in the
stomach or be cleared before reaching the target, reduc-
ing effectiveness. Lipids, commonly known as fats, are
biologically important molecules involved in energy
storage, membrane structure, and metabolic regulation
[5, 6]. They include simple lipids (e.g. triglycerides,
waxes), complex lipids (e.g. phospholipids), and related
compounds, like sterols and fat-soluble vitamins. Their
ability to dissolve in organic solvents while remaining
insoluble in water has enabled their application in drug
delivery systems [5]. Recently, lipids have been used to
create nanoscale carriers that encapsulate active sub-
stances, offering protection and controlled release [7].
These lipid-based systems improve the delivery of drugs
in medicine, cosmetics, and pharmacology [8, 9]. Lipid
nanocarriers (LNCs) are an emerging class of drug deliv-
ery vehicles that combine lipid chemistry with nanotech-
nology to improve solubility, stability, and bioavailabil-
ity of therapeutics [10]. Incorporating LNCs into gels
results in lipid nanocarrier gels (LNC gels), which offer
benefits, such as enhanced skin penetration, sustained
drug release, and targeted delivery ideal for topical and
transdermal use [11, 12].

Nanotechnology plays a major role across disciplines,
particularly in enhancing drug delivery through precise
targeting and efficient therapeutic action [13]. Nanocar-
riers, typically less than one micron in size, possess high
surface-area-to-volume ratios and unique biodistribution
profiles, making them suitable for diverse pharmaceu-
tical applications [14, 15]. Their nanoscale properties
allow for the modulation of drug kinetics, toxicity, and
therapeutic index through surface and structural engi-
neering [16]. However, despite progress, challenges,
such as biological barriers, formulation complexity, and
stability limit the widespread adoption of nanostructured
lipid carriers (NLCs) [17-19]. NLCs are especially use-
ful in chronic wound treatment, where sustained drug
release is vital [20]. Their surface charge (zeta potential)
and morphology (e.g. spheres, cones, and cylinders) sig-
nificantly influence stability, targeting, and therapeutic
performance [21, 22]. Nano-modification strategies are
being explored to enhance drug action, especially in
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wound healing applications [23]. NLCs protect thera-
peutic agents, provide controlled release, and improve
drug absorption, making them effective for both synthet-
ic and natural compounds [24, 25]. Preclinical and clini-
cal research has demonstrated their ability to enhance
wound healing outcomes by delivering consistent drug
levels and supporting tissue regeneration [26, 27].

Composition of LNCs

LNGCs, particularly NLCs, are composed of carefully
selected lipids, surfactants, and other functional ingre-
dients that collectively determine their physicochemi-
cal properties and therapeutic efficacy (Figure 1). The
selection of lipids is critical, as their type and structure
significantly influence the characteristics of the result-
ing nanoparticles, including stability, particle size, drug
loading capacity, and release behavior [29]. Two impor-
tant factors to consider during lipid selection are the sol-
ubility of the drug within the lipid matrix and the drug’s
partition coefficient, both of which affect encapsulation
efficiency and the rate of drug release [30]. Additionally,
the viscosity and melting point of the lipids play a crucial
role in particle formation—Iipids with higher viscosity
and melting points tend to produce larger particles, im-
pacting dispersion uniformity and system stability [31].
Surfactants are another key component in lipid nanocar-
rier systems. They serve multiple functions, most no-
tably enhancing drug solubility, dissolution, and mem-
brane permeability, which contributes to improved drug
absorption and therapeutic outcomes [32]. The choice of
surfactant is influenced by its hydrophilic-lipophilic bal-
ance (HLB), which affects not only emulsion formation
but also particle size and the interaction between lipids
and aqueous phases [33]. As emulsifiers, surfactants
reduce the interfacial tension between lipid and water
phases, promoting compatibility and preventing phase
separation, thus enhancing the formulation’s overall sta-
bility [34].

Furthermore, lipid crystallization behavior, modulated
by surfactants and other factors, can influence the mor-
phology, size, and surface characteristics of colloidal
particles parameters that directly affect the nanocarrier’s
drug delivery performance and physical stability under
varying conditions [35]. Beyond lipids and surfactants,
other ingredients are often incorporated to enhance the
performance of NLCs. Surface modifiers improve the
physical stability and biocompatibility of the formula-
tion while facilitating targeted drug delivery across epi-
thelial barriers [36]. These surface modifications also
contribute to immune evasion by reducing the likelihood
of phagocytic uptake by macrophages in the reticuloen-
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Figure 1. Structure of the nanostructured lipid carrier [28]

dothelial system (RES), thereby prolonging systemic
circulation and enhancing therapeutic outcomes [37].
Because lipid-based drug delivery systems utilize biode-
gradable and biocompatible lipids, they are well-suited
for applications requiring controlled drug release, tar-
geted delivery, and protection of pharmaceuticals from
degradation [38]. Moreover, these systems provide ver-
satility in delivering a wide range of therapeutic agents,
including growth factors, gene therapies, and cytokines
offering more adaptability than traditional drug delivery
methods [39]. They are also capable of targeting specific
cells and tissues, enabling the delivery of complex thera-
peutic entities, such as nucleic acids, peptides, and pro-
teins [40]. Lipid-based delivery systems can be broadly
categorized into vesicular systems and lipid nanopar-
ticles. Vesicular systems are formed when amphiphilic
molecules self-assemble in aqueous environments into
highly structured arrangements containing one or more
concentric lipid bilayers [41]. Lipid nanoparticles, on
the other hand, include several types, such as lipid-drug
conjugates (LDCs), solid lipid nanoparticles (SLNs),
and NLCs [42]. NLCs are further subclassified based on
their internal structural organization into multiple oil/fat/

Figure 2. Advantagesof nanodipid carriers [19, 44]
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water (O/F/W) systems, amorphous types, and highly
imperfect crystalline structures. These variations influ-
ence the drug loading capacity and release behavior of
the formulation, making NLCs a highly adaptable plat-
form for advanced drug delivery applications [29] (Fig-
ure 2, Tables 1 and 2).

Preparation method of LNCs

High-pressure homogenization techniques (hot
and cold methods)

In the hot homogenization method, the drug is initially
blended into a melted lipid mixture. At the same time, a
heated surfactant solution is prepared. These two compo-
nents are combined and processed using a high-pressure
homogenizer, resulting in the formation of nanostruc-
tured lipid carriers. In the cold homogenization method,
the drug is also first mixed with molten lipids, but this
blend is rapidly cooled and then mechanically ground
into fine particles. These particles are then mixed with
a chilled surfactant solution and further processed under
high pressure to yield the final nanocarriers.
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Table 1. Ingredients used in LNCs
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Component Name Ref.
Polyethylene glycol monosterate [45]
Monostearin [46]
Solid lipid
Compritol [47]
Soy lecithin [48]
Olive oil [49]
Coconut oil [50]
Liquid lipid
Isopropyl myristate [51]
Pumpkin seed oil [52]
Tween 80 [53]
Tween 20 [54]
Surfactant
Poloxamer [55]
Lecithin [28]
PBR
Solvent-based  techniques (evaporation and The final nanocarrier formulation is obtained by drying

diffusion)

The solvent evaporation technique involves dissolving
the drug and lipid in a water-insoluble organic solvent,
which is then combined with a surfactant solution. This
mixture is heated to remove the solvent through evapora-
tion, leading to the production of lipid nanoparticles. On
the other hand, in the solvent diffusion method, the drug-
lipid mixture is dissolved in a water-soluble organic sol-
vent, and then blended with a surfactant solution. This
mixture is diluted with water to initiate solvent diffusion.

Figure 3. Preparation method

Singh Sh, et al. NLC Technology, Underlining the Growing Role in Modern Therapeutics. PBR. 2025; 11(2):81-94.

the system through freeze-drying or filtration [61-64, 53]
(Figure 3).

Lipid nano-carrier gel
Lipid core

Lipid molecules (micelles or liposomes) will be grouped
in a spherical shape in the center. Phospholipids, which
have hydrophilic heads and hydrophobic tails, would
normally make up these lipids. A bilayer or monolayer
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Table 2. Characteristics of lipid-based nanocarriers [56-60]

June 2025. Volume 11. Number 2

Lipid Nanocarrier

Description

Components

Liposomes
Ethosomes
Transfersomes
Cubosomes
Niosomes
Glycerosomes
Invasomes
Bilosomes
Cerasomes
Phytosomes
Glycerosomes (elastic)
Pharmacosomes
Emulsomes
Photosomes
Vesosomes
Novasomes
Cryptosomes
Hyalurosomes
Nanoemulsions

Solid lipid nanocarrier

Nanostructured lipid carriers

Spherical vesicles with bilayer membranes enclosing
aqueous cores

Ethanol-rich liposomes enhancing skin penetration

Highly deformable vesicles that adapt to stress and
penetrate deeply

Nanostructured particles with cubic liquid crystalline
phases

Non-ionic surfactant-based vesicles

Glycerol-modified liposomes with improved
flexibility
Vesicles with penetration enhancers for deep skin
delivery

Bile salt-integrated vesicles resistant to Gl tract
conditions

Ceramic-coated liposomes for improved stability

Vesicles formed by complexing plant extracts with
phospholipids
Glycerol-rich liposomes that hydrate the stratum
corneum

Drug-lipid conjugates forming vesicular systems

Hybrid of liposomes and emulsions with solid/semi-
solid lipid cores

Light-activated liposomes releasing content upon
irradiation

Multicompartment liposomes for extended drug
release

Multilamellar vesicles with unique surfactants
Stealth liposomes containing poloxamers
Hyaluronan-containing vesicles aiding skin healing

Fine oil-water dispersions stabilized by surfactants

Nanocarriers made from solid lipids dispersed in
water
Mixed solid-liquid lipid carriers with disordered
internal structure

Natural/synthetic phospholipids (e.g. phosphatidylcholine,
and sphingomyelin)

Phospholipids, ethanol, cholesterol, and glycols
Phospholipids, edge activators, surfactants, and alcohols
Amphiphilic lipids and stabilizers
Nonionic surfactants, cholesterol, and charge inducers
Phospholipids, glycerol, and water
Phosphatidylcholine, terpenes, and ethanol
Bile salts, nonionic surfactants, and cholesterol
Polyorganosiloxane, phospholipids, polymers, and steroids
Phosphatidylcholine, plant extracts, and nonpolar solvents
Phospholipids, high-conc, glycerol, and water
Drug-lipid esters and solvents
Phospholipids, lipids, surfactants, and antioxidants
Light-sensitive lipids and solvents

Phospholipids, polymers, steroids, and solvents

Cholesterol, polyoxyethylene fatty acid esters, fatty acids, and
solvents

Phospholipids, poloxamers
Phospholipids and sodium hyaluronate
Oil, water, and surfactants
Solid lipids, triglycerides, fatty alcohols, and surfactants

Solid lipids, liquid lipids, emulsifiers, and water

PBR

structure is created with the hydrophilic heads oriented
outward and the hydrophobic tails directed inward [28].

Encapsulated active ingredients

Inside the lipid core or in the surrounding gel matrix,
there may be encapsulated substances, like drugs, vita-
mins, or other therapeutic agents. These molecules are
usually hydrophobic and interact with the hydrophobic
core of the lipid bilayer [65].

Gel matrix

Surrounding or embedding these lipid nanoparticles,
the gel matrix could be a clear or slightly opaque net-

work, composed of polymers such as hydroxyethyl cel-
lulose or carbomers. This gel structure aids in controlling
the release of the encapsulated materials and stabilizing
the lipid carriers [66].

Nanoscale size

The lipids themselves are nanoscale in size, resembling
small, compact spheres or vesicles dispersed throughout
the gel matrix. This would appear as a cloudy or translu-
cent gel when viewed under a microscope [67] (Figure 4).

Singh Sh, et al. NLC Technology, Underlining the Growing Role in Modern Therapeutics. PBR. 2025; 11(2):81-94.
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Figure 4. Flow chart for the preparation of lipid nanocarrier gel

Advantages of lipid nanocarrier gels

LNC gels offer several significant advantages in drug
delivery systems. One of the primary benefits is en-
hanced bioavailability. Drugs that are poorly water-
soluble can achieve improved solubility and stability
when incorporated into LNC gels, which leads to bet-
ter absorption and more effective therapeutic outcomes
[69]. These gels also enable targeted and controlled drug
delivery. The release of the active substance can be pre-
cisely modulated through diffusion or stimuli-responsive
mechanisms, such as pH or temperature sensitivity, en-
suring the medication reaches the intended site efficient-
ly [70]. Additionally, by encapsulating active agents
within lipid carriers, LNC gels help reduce the toxicity
of drugs and minimize adverse side effects [71]. LNC
gels are particularly effective in enhancing skin pen-
etration. Due to their nanoscale size, lipid carriers can
transport drugs deeper into the skin, increasing efficacy
in treating conditions, like psoriasis, acne, and localized
pain [72, 73]. Furthermore, the lipid matrix protects the
drug from environmental degradation, such as oxidation
or enzymatic breakdown, enhancing the overall stability
of the formulation [74].

Applications of LNC gels

LNC gels have wide-ranging applications in modern
therapeutics and cosmetics. In topical drug delivery, they
are highly valued for delivering medications directly to
the skin to treat conditions, such as psoriasis, eczema,

Singh Sh, et al. NLC Technology, Underlining the Growing Role in Modern Therapeutics. PBR. 2025; 11(2):81-94.
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fungal infections, and acne [75]. In transdermal drug de-
livery, these gels enable systemic absorption through the
skin, offering a non-invasive alternative for managing
conditions, like chronic pain and hormonal imbalances
[76, 47]. The cosmetic industry also utilizes LNC gels
due to their ability to protect and release active ingredi-
ents, such as vitamins and anti-aging compounds. These
gels provide sustained delivery and better skin compat-
ibility, making them suitable for skincare formulations
[78, 79]. In oncology, LNC gels are being explored as
targeted systems for localized delivery of anticancer
drugs, reducing systemic side effects and improving
drug accumulation at tumor sites [80].

Challenges and limitations

Despite their advantages, LNC gels present several
challenges. One major limitation is the long-term stabil-
ity of LNCs within gel formulations. Under certain stor-
age conditions, issues, like phase separation and particle
aggregation can compromise the system’s effectiveness
[81]. Additionally, the gel base and surfactants used may
cause skin irritation in sensitive individuals, particularly
with long-term use or high concentrations, necessitating
thorough safety testing [66]. Scaling up production for
commercial manufacturing also poses difficulties. Main-
taining consistent particle size, drug distribution, and re-
producibility on a large scale requires complex formula-
tion controls [82]. Furthermore, regulatory hurdles exist
for nanotechnology-based products. Agencies, such as
the Food and Drug Administration (FDA) and European

PBR
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Table 3. FDA-approved lipid nanocarrier-based formulations [35, 69]

Lipid Nanocarrier Type Brand Name Drug Route Indication
Fungal infections, visceral leishmani-
AmBisome Amphotericin B Intravenous ungatl : a;s\::s ' '
Bri rian cancer, multipl
Vesicular (liposomes) Doxil Doxorubicin Intravenous east & ovaria ca.’ce » multiple
myeloma, Kaposi’s sarcoma
- Fungal infections, invasive aspergillo-
Amphotec Amphotericin B Intravenous & . . perg
sis, leishmaniasis
. . . Osteoarthritis and rheumatoid arthri-
Ropion Flurbiprofen axetil Intravenous .
tis symptoms
Nonvesicular (nanoemulsions) Lipfen Flurbiprofen axetil Oral Osteoarthr|t|§ and rheumatoid arthri-
tis symptoms
Cleviprex Clevidipine Intravenous Hypertension

PBR

confirming its potential as an effective anticancer drug
delivery system [84].

Medicines Agency (EMA) demand extensive safety and
efficacy data before approving new nano-formulations

for clinical use [83] (Table 3).
Thymol-loaded NLCs were incorporated into various

gel formulations to enable sustained release. Among
these, carbomer-based gels showed superior skin reten-
tion, especially within the dermis and epidermis. While
the NLC-thymol gels displayed prolonged efficacy
against Cutibacterium acnes, their performance against
Staphylococcus epidermidis was slightly lower than that
of free thymol. Nonetheless, the thymol-loaded NLC gel
formulation successfully maintained beneficial skin mi-
crobiota, establishing its potential as a promising topical
therapy for acne vulgaris [76].

Recent advancements

Indomethacin-loaded NLCs (IND-NLC) demonstrated
exceptional encapsulation efficiency of over 99%, with
a low polydispersity index (PDI=0.139), a particle size
of 168.1 nm, and a surface charge of -30.1 mV. The for-
mulation maintained its stability for over 60 days at both
4°C and 25 °C. At a dose of 15.7 uM, IND-NLC exhib-
ited potent anticancer activity by significantly inhibiting
the proliferation of MDA-MB-468 breast cancer cells,

Table 4. Market formulation of LNCs and clinical trials [90-101]

LNC Type Active Substance Disease Product(s)/Clinical Trial(s) Description
Acitretin Psoriasis Acitretin NLC (precirol ATO 5/oleic V\;;Eai::c?xz:ic(j::ir:ngon:::ﬁzsss
acid/tween 80) (RCT) provec ceivery
irritation
NLCs with oleic acid, cetyl Enhances delivery for treating

Nanostructured lipid carriers  AJl-trans retinoic acid

Self-amplifying RNA
(saRNA)

Mitoxantrone
Solid lipid nanoparticles Oxiconazole
siRNA (patisiran)
Docetaxel
Lipid-polymer hybrid NPs Docetaxel
Docetaxel
Etomidate/Propofol
Nanoemulsions

Ibuprofen

Ritonavir

Keratinization disorders
COVID-19 vaccine
Hepatocarcinoma

Fungal infection (tinea)

Amyloidosis
Pancreatic cancer
Lung cancer (KRAS mutation)
Prostate cancer
Anesthesia
Pain relief

HIV-1 (children)

palmitate, cineole, etc.
THEMBA Il T-cell vaccine (phase I/

I trial)
DHAD-PBCA-NPs (phase Il clinical
trial)
Oxiconazole-loaded SLN gel (phase
i clinical trial)

Onpattro (FDA-approved)

Docetaxel polymeric nanoparticle
(phase i clinical trial)

BIND-014 (phase Il clinical trial)
BIND-014 (phase il clinical trial)
Etomidat-Lipuro, diprivan
Ibuprofen nanoemulsion gel

Norvir

rough/scaly skin
Advanced RNA vaccine with
higher potency at lower dose
Targeted cancer therapy with
reduced systemic toxicity
Improved skin delivery for
antifungal treatment
First RNAi drug for rare protein
disorder
Boosts chemo with prolonged
circulation
Mutation-specific targeted
delivery
Precise and sustained
chemotherapy
Fast-acting, safe anesthetic
formulations
Localized topical relief with fast
absorption
Pediatric-friendly HIV treatment
with enhanced bioavailability
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Magnolol-loaded NLCs (MA-NLC) were successfully
synthesized with a particle size of 19.67 nm, a PDI of
0.21, and a zeta potential of -5.18 mV. These physico-
chemical properties contributed to enhanced safety and
reduced pulmonary irritation. When administered via
nebulization, MA-NLC showed improved lung target-
ing and prolonged retention, effectively overcoming
issues related to low solubility and bioavailability. In
animal models of chronic obstructive pulmonary disease
(COPD), MA-NLC significantly improved oxidative
stress markers and reduced inflammation, highlighting
its therapeutic promise [85].

Bergenin-loaded NLCs (BNNLCo) were developed
to enhance oral drug delivery efficiency. The formula-
tion achieved an encapsulation efficiency of 80.6%,
with a particle size of 174.3 nm, a PDI of 0.086, and a
zeta potential of -35.6 mV. Compared to pure bergenin,
BNNLCo demonstrated a 4.27-fold increase in relative
bioavailability, a 3.2-fold enhancement in intestinal per-
meability, and a sustained drug release profile of 74.2%
over 12 hours. Additionally, it achieved significant
edema reduction (71.78% at 6 hours) and maintained
prolonged therapeutic effects, suggesting its value in im-
proving oral treatment outcomes [86].

Quercetin-loaded NLCs incorporated into chitosan hy-
drogels showed over 95% encapsulation efficiency and
excellent long-term stability, retaining 88.63% of quer-
cetin after ten months under natural daylight. Electro-
static interactions helped stabilize the NLCs within the
chitosan matrix. In vitro studies demonstrated improved
skin penetration and greater deposition of hydrophobic
active compounds, establishing the NLC—chitosan hy-
drogel system as a promising vehicle for topical drug
delivery [77].

Ketoconazole (KTZ)-loaded NLCs exhibited signifi-
cantly improved retention in the skin, including a 2.58-
fold increase in the stratum corneum, a 6.35-fold rise
in the viable epidermis, and a 6.41-fold enhancement
in transdermal permeation. The formulation displayed
strong antifungal activity with effective inhibition of
Candida albicans in planktonic, hyphal, and biofilm
phases. NLC-based hydrogels also offered optimal
spreadability, shear-thinning behavior, and minimal cy-
totoxicity on human skin fibroblasts, supporting their
use in candidiasis treatment [87].

Luteolin-loaded NLCs (LUT-NLC) showed sustained
drug release for up to 36 hours, with a particle size of
199.9 nm and encapsulation efficiency of 99.81%. Com-
pared to conventional luteolin gel, LUT-NLC demon-
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strated superior skin penetration (78.89 pg/cm?). Fluo-
rescent dye-tracking confirmed drug accumulation in the
dermis, epidermis, and hair follicles. In an imiquimod-
induced psoriasis model, LUT-NLC gels significantly
reduced inflammatory cytokines (TNF-q, IL-6, 1L-17,
and IL-23) and alleviated both cutaneous and systemic
symptoms, making it a promising therapeutic for pso-
riasis [88].

Zingiber officinale extract (ZOE)-loaded NLCs dis-
played excellent stability at 0.4% concentration, with
particle sizes ranging from 302-344 nm and PDI values
between 0.14 and 0.23 over 28 days. At 2% ZOE con-
centration, high encapsulation efficiency was achieved.
Morphological assessments revealed well-formed, uni-
formly distributed particles. Compared to conventional
topical formulations, ZOE-NLC gels exhibited enhanced
rheological properties and improved stability, reinforc-
ing their potential for effective topical drug delivery [89]
(Table 4).

Conclusion

Featuring several uses in dermatology, cosmetics, and
pharmaceuticals, LNC gels are a promising and adapt-
able drug delivery technology. LNC gels can enhance
a range of pharmaceuticals’ solubility, stability, and ef-
fectiveness by combining the benefits of LNCs with the
stability and controlled-release characteristics of gel ma-
trices. Even while issues, like scalability, stability, and
skin irritation still exist, more research and technical de-
velopments might eventually allow LNC gels to reach
their full clinical and commercial potential. NLCs have
been shown to greatly increase the effectiveness of drugs
used to promote wound healing. Numerous studies dem-
onstrate that NLCs are efficient at carrying a range of
materials, such as hydrophobic chemicals, essential oils,
plant extracts, and physiologically active molecules,
like proteins and nucleic acids, which are essential for
the repair of wounds. NLCs speed up wound healing
and regeneration by improving these chemicals’ stabil-
ity, absorption, and regulated release. NLC formulations
are flexible enough to be customized to meet individual
therapeutic demands since they may include a range of
surfactants, lipids, and preparations, both liquid and solid
techniques, such solvent evaporation, high-pressure ho-
mogenization, and microemulsion procedures. Because
NLCs may administer medications at a steady, sustained
pace, they are very useful for treating chronic wounds
that need prolonged therapy periods. To investigate the
usage of NLCs for a larger variety of medications, in-
cluding more recent synthetic and natural substances,
more study is necessary. Furthermore, thorough safety
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to ensure the long-term security and efficacy of NLCs,
research is required, particularly in the management of
long-term injuries, like as burns, diabetic ulcers, and
other chronic wounds.
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