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platforms to overcome the biopharmaceutical challenges associated with
poorly water-soluble, unstable, and rapidly cleared therapeutic agents.

This review provides a comprehensive overview of the current applications
of LBDDS across multiple routes of administration, emphasizing their role
in enhancing solubility, bioavailability, stability, and targeted delivery.

The discussion begins with oral LBDDS, including self-emulsifying, self- Ezegbe Chekwube Andrew,

micro-emulsifying, and self-nanoemulsifying systems, which improve the Department of Pharmaceutical ~Technology
gastrointestinal solubilization and lymphatic transport of BCS Class II and 2l Imimeinrel hermney, Wnitveratey off Wiges,
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IV drugs, as exemplified by commercial formulations of cyclosporine and NMeels @ Dumees (@O0, Tl

testosterone undecanoate. Topical, transdermal, ocular, and pulmonary Federal do ABC (UFABC), Sio Paulo, Brazil, Brazil,
applications are examined for their ability to enhance skin and mucosal Tel: +2348038042802,
penetration, prolong residence time, and achieve localized therapy E-mails: ezegbe.chekwube@unn.edu.ng;

with reduced systemic toxicity. Advances in solid lipid nanoparticles chekwube.ezegbe@ufabc.edu.br

and nanostructured lipid carriers for controlled and sustained release
were discussed, alongside surface-modified systems for active targeting

to tumors, the central nervous system, and specific cellular receptors.
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Recent developments in gene and RNA delivery using lipid nanoparticles,
immunotherapy platforms, and nutraceutical delivery are also covered,
reflecting the expanding scope of LBDDS in precision medicine. Key
advantages, including biocompatibility, scalability, and multifunctionality,
are balanced against limitations such as physical stability, manufacturing
variability, and regulatory considerations. Overall, this review underscores
that LBDDS have evolved from conventional emulsions to advanced
nanocarriers that enable modern therapeutics, from small molecules to
nucleic acids. Future perspectives focus on hybrid lipid-polymer systems,

stimuli-responsive carriers, and Al-driven formulation design to further

expand clinical translation and patient outcomes.

Keywords: LBDDS, Water-Solubility, Emulsions, Cellular

Pulmonary Applications.

INTRODUCTION

The delivery of therapeutic agents to the desired site of action
at the right concentration and duration remains one of the
central challenges in pharmaceutical sciences [1]. A significant
proportion of new chemical entities and repurposed drugs
exhibit poor aqueous solubility, low permeability, chemical
instability, or rapid systemic clearance [2]. These properties
limit oral bioavailability, reduce therapeutic efficacy and often
necessitate higher doses that increase the risk of systemic
toxicity. Conventional dosage forms such as tablets, capsules,
and aqueous injections frequently fail to address these
limitations, creating a need for advanced delivery systems
that can modulate drug disposition and pharmacokinetics
[3].

emerged as one of the most clinically successful strategies to

Lipid-based drug delivery systems (LBDDS) have

overcome these barriers. Lipids are endogenous components
of biological membranes and metabolic pathways, which
confers inherent biocompatibility, biodegradability, and low
immunogenicity [4]. More importantly, lipids can solubilize
lipophilic drugs within their hydrophobic domains, protect
labile molecules from enzymatic and chemical degradation,
and interact with the gastrointestinal lymphatic system
to bypass first-pass hepatic metabolism. The versatility of
lipids also allows formulation scientists to design carriers
ranging from simple oil-in-water emulsions to complex
nanostructured systems with controlled release and active
targeting capabilities [5]. The evolution of LBDDS reflects
advances in both materials science and understanding of
physiological barriers. Early systems such as oil solutions

and lipid emulsions were developed primarily to improve the
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Receptors,

oral absorption of fat-soluble vitamins and anesthetics [6].
The introduction of self-emulsifying drug delivery systems
(SEDDS) and their successors, SMEDDS and SNEDDS, marked
a shift toward spontaneous formation of fine emulsions in
vivo, significantly enhancing the dissolution and absorption
of poorly soluble drugs [7]. More recently, solid lipid
nanoparticles (SLN), nanostructured lipid carriers (NLC),
liposomes, and lipid nanoparticles (LNPs) have expanded
the scope of LBDDS to parenteral, pulmonary, ocular, and
transdermal routes [8]. This progression culminated in the
widespread clinical adoption of LNPs for mRNA delivery,
as demonstrated by the COVID-19 vaccines from Moderna
and Pfizer-BioNTech, which validated lipid nanocarriers
as a platform for nucleic acid therapeutics [9]. Despite this
progress, the rational design and clinical translation of LBDDS
require a clear understanding of how formulation variables,
preparation methods, and physiological conditions influence
performance. The choice of lipid, surfactant, and processing
technique determines particle size, surface charge, drug
loading, and release kinetics, all of which affect stability
and biological fate. Furthermore, regulatory expectations
for nanosystems have become more stringent, emphasizing
the need for robust characterization and quality control
[10]. This review aims to provide a comprehensive analysis
of the current applications of lipid-based drug delivery
systems across diverse therapeutic areas. We examined the
mechanistic basis for absorption enhancement and targeting,
summarize key clinical and preclinical examples, and highlight
recent advances in gene therapy, immunotherapy, and

personalized medicine. By integrating formulation science
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with translational outcomes, this review seeks to illustrate
why LBDDS have become indispensable tools in modern drug
delivery and to identify the opportunities and challenges that

will shape their future development.
Oral lipid-based drug delivery systems

Oral administration remains the most preferred route for
drug delivery due to its convenience, patient compliance,
and cost-effectiveness [11]. However, an estimated 40-70%
of new drug candidates and a substantial number of existing
drugs are classified as poorly water-soluble according to
the Biopharmaceutics Classification System (BCS Class II
and IV) [12]. These compounds often exhibit dissolution-
rate limited absorption, resulting in low and variable oral
bioavailability, erratic pharmacokinetic profiles, and the need
for high doses that increase the risk of adverse effects and
cost. Beyond solubility, several physiological barriers further
complicate oral delivery [13]. In the gastrointestinal tract,
drugs are exposed to variable pH, enzymatic degradation,
and efflux transporters such as P-glycoprotein. For lipophilic
compounds, precipitation upon dilution in intestinal fluids
and extensive first-pass metabolism in the liver and gut wall
can reduce the fraction of drug reaching systemic circulation
to less than 10%. Conventional formulations like immediate-
release tablets and suspensions offer limited ability to
overcome these obstacles, creating a clear need for delivery
strategies that can maintain the drug in a solubilized state,
protect it from degradation, and modulate its absorption
pathway [14]. Oral lipid-based drug delivery systems (LBDDS)
have emerged as a robust solution to these challenges.
LBDDS encompass a range of formulations including oils,
emulsions, self-emulsifying drug delivery systems (SEDDS),
self-micro-emulsifying drug delivery systems (SMEDDS),
self-nanoemulsifying drug delivery systems (SNEDDS), and
lipid particulate systems such as solid lipid nanoparticles and
nanostructured lipid carriers. The underlying principle is to
present the drug in a dissolved or molecularly dispersed form
within a lipid vehicle that mimics dietary fats. Upon ingestion,
these systems interact with gastrointestinal fluids, bile salts,
and pancreatic enzymes to form fine oil-in-water emulsions,
micelles, ormixed micelles. Thisin-situ emulsification prevents
precipitation and maintains the drug in a solubilized state that
is readily available for absorption [15]. The enhancement in
oral bioavailability achieved with LBDDS arises from multiple,

often synergistic mechanisms. First, solubilization within the

lipid phase increases the apparent solubility of the drug and
reduces the energy barrier for dissolution. Second, the small
droplet size generated by SEDDS/SNEDDS provides a large
interfacial area for drug diffusion and interaction with the
absorptive epithelium. Third, certain lipids and surfactants
can transiently modulate membrane fluidity and inhibit efflux
pumps, improving transcellular uptake [16]. Fourth, long-
chain triglycerides and their digestion products stimulate
chylomicron formation, diverting drug-loaded lipid moieties
into the intestinal lymphatic system. This lymphatic transport
bypasses hepatic first-pass metabolism, which is particularly
advantageous for highly lipophilic drugs with high log P
values. Clinically, the impact of oral LBDDS is well established
[17]. Cyclosporine A, a classic example of a poorly soluble
and highly metabolized immunosuppressant, showed a 2- to
5-fold increase in bioavailability when formulated as Neoral®
using a microemulsion system. Similar success has been
observed for drugs such as ritonavir, saquinavir, isotretinoin,
and halofantrine [18]. Beyond marketed products, extensive
research has demonstrated the applicability of oral LBDDS
for anticancer agents, antifungals, antihypertensives, and
nutraceuticals. Despite these advantages, the design of oral
LBDDS requires careful consideration of lipid selection,
surfactant-to-cosurfactant ratios, drug-lipid miscibility, and
the effects of food and digestion on performance. Issues
related to physical stability, drug precipitation upon dilution,

and scalability also influence formulation success [19].
Self-emulsifying drug delivery systems (SEDDS)

The oral delivery of poorly water-soluble drugs remains a
major challenge in pharmaceutical development [20]. For BCS
Class Il and IV compounds, dissolution in the gastrointestinal
tract is the rate-limiting step for absorption, often leading to
low, erratic, and food-dependent bioavailability. Conventional
approaches such as micronization, salt formation, and
solid dispersions address solubility to some extent, but
they frequently suffer from stability issues, complex
manufacturing, and limited scalability [21]. Self-emulsifying
drug delivery systems (SEDDS) were developed to circumvent
these limitations by presenting the drug in a pre-dissolved
state within a lipid vehicle that spontaneously forms an
emulsion in vivo [22]. SEDDS are defined as isotropic
mixtures of oil, surfactant, and co-surfactant/co-solvent that
emulsify spontaneously under mild agitation provided by

gastrointestinal motility, forming fine oil-in-water emulsions
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or microemulsions upon dilution with aqueous fluids. When
the droplet size is below 100 nm, the system is often termed
a self-micro emulsifying drug delivery system (SMEDDS);
systems forming droplets in the 20-50 nm range are called

self-nanoemulsifying drug delivery systems (SNEDDS) [23].
Mechanism of Action of SEDDS

The core advantage of SEDDS lies in bypassing the dissolution
step [24]. The drug is already dissolved in the lipid phase of
the preconcentrate, eliminating the need for disintegration
and dissolution. Upon oral administration and contact with
gastric and intestinal fluids, the system disperses rapidly with
minimal agitation to form fine droplets [25]. This creates a
large interfacial surface area that enhances drug partitioning
into the aqueous phase and promotes absorption across
the intestinal epithelium. Several additional mechanisms
contribute to bioavailability enhancement: Solubilization
maintenance: The emulsion droplets keep the drug
solubilized throughout transit, preventing precipitation in
the low-surfactant environment of the distal intestine [26].
Lymphatic transport: Lipids in the formulation stimulate
chylomicron formation. Highly lipophilic drugs can associate
with chylomicrons and enter systemic circulation via the
lymph, avoiding hepatic first-pass metabolism. Membrane
permeation enhancement: Certain surfactants and co-solvents
transiently increase membrane fluidity and inhibit efflux
transporters like P-glycoprotein, improving transcellular
uptake. Prolonged gastric residence: The lipid phase can delay

gastric emptying, providing more time for absorption [27].
Formulation Components of SEDDS

A typical SEDDS consists of three components: Oil phase:
Usually medium- orlong-chain triglycerides, partial glycerides,
or fatty acids [28]. They solubilize the drug and facilitate
lymphatic uptake. Examples include Capryol™, Labrafil®, and
Capmul®. Surfactant: Provides emulsification by lowering
interfacial tension. Non-ionic surfactants with HLB > 12 are
preferred for spontaneous emulsification. Common choices
are Cremophor® EL, Tween® 80, and Labrasol®. Co-
surfactant/Co-solvent: Short-chain alcohols or glycol ethers

such as Transcutol® P, PEG 400, and ethanol improve drug

solubility and fluidize the interfacial film, enabling smaller
droplet formation [29,30]. The ratio of these components is
optimized using pseudo-ternary phase diagrams to identify

the region of spontaneous emulsification.

Advantages of SEDDS

SEDDS offer several practical and biopharmaceutical benefits:
Enhanced and more reproducible oral bioavailability for
lipophilic drugs

Reduced food effect and inter-subject variability

Protection of labile drugs from hydrolysis and enzymatic

degradation

Ease of manufacturing and scalability using conventional

liquid filling into capsules
Ability to load high doses of drug in a small volume
Challenges and Limitations of SEDDS

Despite their advantages, SEDDS have formulation and

regulatory challenges:

Physical stability issues such as phase separation and drug

precipitation upon storage
Limited loading capacity for highly hydrophilic drugs

Potential for irritation or toxicity at high surfactant

concentrations

In vitro-in vivo correlation can be difficult due to the dynamic

nature of digestion and emulsification.

Regulatory requirements for lipid excipients and nano-sized

droplets require thorough characterization
Clinical Relevance of SEDDS

The clinical utility of SEDDS is demonstrated by marketed
products such as Neoral® (cyclosporine A), Sandimmune®
Oral Solution, and Norvir® (ritonavir). These products showed
significant improvements in bioavailability and reduced
variability compared to their conventional counterparts [31].
Ongoing research is extending SEDDS to peptides, proteins,
and nucleic acids by incorporating digestion-resistant lipids

and targeting ligands. Figure 1 depicts the formation of SEDDS.

Il s dotore/ 0:30654/Myes 10062



ISSN : 2474-753X

Mathews Journal of Pharmaceutical Science

N

Oral ingestion of
SEDDS Formulation

Self-emulsification and
formation of tiny oil droplets

Duodenum

Gastric
CRTYIES

Micelle Formation

Duodenum wall structure

Lymphatic
Absorption

Pancreatic
enzymes

Bile Salts

Unstirred Water Layer

Figure 1. Formation of SEDDS.

Self-micro emulsifying drug delivery systems (SMEDDS)

Oral delivery of poorly water-soluble drugs remains a
bottleneck in drug development. For BCS Class II and IV
compounds, low aqueous solubility and dissolution rate
limit gastrointestinal absorption, resulting in bioavailability
often <10% and high inter-subject variability [32,33]. While
strategies like solid dispersions and micronization improve
dissolution, they frequently face stability, scale-up, and

manufacturing.
Challenges associated with SMEDDS

Self-micro emulsifying drug delivery systems (SMEDDS)
address this by delivering the drug in a pre-dissolved state
within a lipid-based preconcentrate that spontaneously
forms a microemulsion upon contact with gastrointestinal
fluids [34,35]. SMEDDS are a subclass of lipid-based systems
positioned between conventional self-emulsifying systems
(SEDDS) and (SNEDDS),

distinguished primarily by droplet size and thermodynamic

self-nanoemulsifying systems

stability.

SMEDDS are defined as isotropic mixtures of oil, surfactant,

and co-surfactant/co-solvent that form oil-in-water

microemulsions with droplet sizes typically in the range of
10-100 nm upon mild agitation in aqueous media as shown

in Figure 2.

Key characteristics of SMEDDS

Unlike

microemulsions form spontaneously and are stable over time

Thermodynamic stability: coarse emulsions,

without phase separation.

Optical transparency: Due to the small droplet size,

microemulsions appear transparent or translucent.

Low interfacial tension: Achieved through the combination
of surfactant and co-surfactant, allowing spontaneous

emulsification with minimal energy input from GI motility.

High drug loading capacity: The drug remains molecularly

dispersed in the lipid phase, avoiding dissolution limitations.
Mechanism of bioavailability enhancement of SMEDDS

SMEDDS enhance oral absorption through multiple synergistic

mechanisms [36]:

In-situ solubilization: The drug is maintained in a solubilized
state in the GI tract, bypassing the dissolution step and
preventing precipitation upon dilution. Increased surface
area: Nano-sized droplets provide a large interfacial
area for drug release and diffusion across the intestinal
membrane. Lymphatic transport: Long-chain lipids stimulate
chylomicron formation, shunting drug-loaded particles
into the lymphatic system and bypassing hepatic first-pass

metabolism. Membrane permeation and efflux inhibition:
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Non-ionic surfactants like Cremophor® EL and Tween®
80 can transiently modulate membrane fluidity and inhibit
P-glycoprotein and CYP3A4, reducing efflux and metabolism.
Prolonged residence time: Lipid digestion products can slow

gastric emptying, extending the window for absorption.
Advantages over conventional and SEDDS systems

Compared to conventional tablets and coarse emulsions,
SMEDDS offer [37-41]:

Faster onset and higher bioavailability: Demonstrated for

cyclosporine, ritonavir, and fenofibrate.

Reduced food effect: Drug absorption is less dependent on

gastric conditions and bile secretion.

Lower dose variability: More consistent pharmacokinetics

across patients.

Protection of labile drugs: Shielding from acidic pH and

enzymatic degradation.

Ease of manufacturing: Simple blending and liquid filling into

hard or soft gelatin capsules.

Compared to SEDDS, SMEDDS form smaller droplets with
greater thermodynamic stability, leading to more reproducible

performance and reduced precipitation risk.
Challenges and Limitations

Despite their advantages, SMEDDS face several practical

Surfactant toxicity: High surfactant concentrations required

for emulsification may cause GI irritation.

Drug precipitation: Dilution in GI fluids can destabilize the

system if drug solubility in the aqueous phase is low.

Stability issues: Phase separation or drug crystallization

during storage, especially for solid SMEDDS.

Regulatory complexity: Nano-sized droplets and novel

excipients require extensive safety and characterization data.

Limited hydrophilic drug loading: SMEDDS are best suited for

lipophilic compounds.
Evolution and clinical relevance of SMEDDS

SMEDDS evolved from first-generation SEDDS to address
variability and precipitation issues. Commercial success
includes formulations like Neoral® (cyclosporine A), which
uses a microemulsion preconcentrate to improve absorption
consistency. Recent research extends SMEDDS to solid dosage
forms via adsorption onto solid carriers, producing solid-
SMEDDS with improved stability and patient acceptability
[42].

Formulation components of SMEDDS.

The performance of SMEDDS depends on the rational selection

and optimization of excipients as shown in Table 1:

challenges:
Table 1. Formulation components of SMEDDS
Components Roles Examples
. . ) Capmul® MCM, Labrafil® M 1944 CS,
0il Solubilize the drug; promote lymphatic uptake Maisine® CC
Lower interfacial tension; enable spontaneous Cremophor® RH40, Tween® 80,
Surfactants

emulsification

Co-surfactants/co-

solvents solubility

Fluidize the interfacial film; increase drug

Labrasol®

Transcutol® P, PEG 400, Propylene glycol,
Ethanol.

Figure 2. Composition of SMEDDS.
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Self-Nanoemulsifying Drug Delivery Systems (SNEDDS)

Oral delivery of poorly water-soluble drugs accounts for
~40% of marketed drugs and ~70% of new chemical entities
in development [42]. For BCS Class I and IV compounds,
dissolution in the gastrointestinal tract is the rate-
limiting step, leading to low, variable, and food-dependent
bioavailability. Lipid-based systems have proven effective by
presenting the drug in a solubilized state, but conventional
emulsions and SEDDS often form droplets >200 nm, which
are prone to coalescence and drug precipitation upon dilution
[43]. Self-nanoemulsifying drug delivery systems (SNEDDS)
emerged to address these limitations. They represent the
most advanced subclass of self-emulsifying systems, forming
nano-sized droplets with enhanced thermodynamic stability,
higher surface area, and more predictable in vivo performance
[44]. SNEDDS have gained significant attention since the early
2000s and now underpin several marketed products and

clinical candidates.
Key characteristics associated with SNEDDS

SNEDDS are isotropic mixtures of oil, surfactant, co-surfactant,
and drug that spontaneously form oil-in-water nano emulsions
with droplet sizes typically between 20-50 nm upon mild
agitation in aqueous media, such as gastrointestinal fluids.
Key characteristics that distinguish SNEDDS from SEDDS and
SMEDDS [45,46].

Droplet size: <50 nm, often 20-30 nm, leading to optical

transparency and near-molecular dispersion.

Thermodynamic stability: Stable to phase separation,

creaming, and precipitation over a wide range of dilution and

Spontaneous formation: Requires minimal energy input from
peristaltic motion; no high-shear homogenization needed in

vivo.

High interfacial area: Droplet sizes in the nano-range provide
surface areas >100 m?/g, accelerating drug release and

membrane contact.
Mechanisms of bioavailability enhancement of SNEDDS

SNEDDS improve oral absorption through mechanisms that
are amplified compared to SEDDS/SMEDDS due to their

smaller droplet size as shown in Figure 3:

Suppressed precipitation: The drug remains molecularly
dispersed in the oil phase and within nano-droplets,
maintaining supersaturation even after dilution in intestinal
fluids. Enhanced permeability: Nano-droplets interact more
efficiently with the unstirred water layer and epithelial
membrane, increasing transcellular and paracellular
transport. Lymphatic uptake: Medium- and long-chain lipids
stimulate chylomicron assembly, shunting lipophilic drugs
into the lymphatic system and bypassing hepatic first-pass

metabolism.

Efflux like
Cremophor® EL, Tween® 80, and Labrasol® inhibit P-gp and
CYP3A4, increasing the fraction of drug absorbed.

and metabolism inhibition: Surfactants

Mucus penetration: Small size and near-neutral surface
charge allow better penetration through the mucus layer,

reaching the absorptive epithelium.
Formulation components of SNEDDS

The performance of SNEDDS is highly dependent on excipient

temperature. selection and ratio. Components are chosen based on drug
solubility, HLB, and digestibility as shown in Table 2.
Table 2. Formulation components of SNEDDS
Components Roles Examples
oil Solubilize drug; provide substrate for lymphatic Capryol™ 90, Labrafil® M 1944 CS, Maisine® CC,
transport Capmul® MCM
Lower interfacial tension to <1 mN/m; stabilize Cremophor® RH40, Tween® 80, Solutol® HS15,
Surfactants

nano-droplets

Co-surfactants/co-

solvents reduce surfactant amount

Fluidize interfacial film; increase drug loading and

Labrasol®

Transcutol® P, PEG 400, Propylene glycol, Ethanol.
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Advantages over SEDDS and SMEDDS

Smaller droplet size: Leads to faster drug release, better

membrane contact, and reduced food effect.

Greater thermodynamic stability: No phase separation upon

storage or dilution, reducing batch variability.

Lower surfactant requirement: More efficient emulsification

allows reduced surfactant load, minimizing Gl irritation.

Improved reproducibility: More consistent pharmacokinetic

profiles across fed/fasted states and between subjects.

Suitability for solidification: SNEDDS can be converted to
solid-SNEDDS by adsorption onto silica, MCC, or porous

carriers, improving stability and patient compliance.
Challenges and limitations of SNEDDS

Despite advantages, SNEDDS face formulation and

translational hurdles:

High excipientload: Large amounts of surfactants/co-solvents
may be needed for poorly soluble drugs, raising toxicity

concerns.

Drug precipitation during digestion: Lipolysis can reduce drug

solubility in the aqueous phase, causing recrystallization.

Characterizationcomplexity:Nano-dropletsize, polydispersity,
and in vitro-in vivo correlation require advanced techniques

like DLS, cryo-TEM, and dynamic lipolysis models.

Regulatory scrutiny: Nano-sized systems require detailed

safety, stability, and quality control data under ICH guidelines.

Limited loading for hydrophilic drugs: SNEDDS are primarily

suited for lipophilic, neutral, or weakly basic drugs.
Clinical and commercial relevance

SNEDDS have moved from academic research to clinical
Fenofibrate SNEDDS: Improved

bioavailability and reduced fed-fasted variability compared to

use. Examples include:

conventional formulations.

Ritonavir and Lopinavir: Used in fixed-dose HIV combinations

to enhance absorption.

Curcumin and CoQ10: Nutraceutical SNEDDS showing 5-20x

higher plasma levels in human studies.

Qil Surfactant

SNEDDS
preconcentrate

=

Encapsulated
single unit dose

>

Micelles/Nanoemulsions

Figure 3. Formation of SNEDDS.

Comparison of SEDDS, SMEDDS, and SNEDDS

Table 3 shows the breakdown of the three main self-

emulsifying lipid systems used for oral delivery of poorly

soluble drugs:
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Table 3. Comparison of SEDDS, SMEDDS and SNEDDS

Parameters SEDDS SMEDDS SNEDDS
Self-Emulsifying Drug Deli
el-muist ymg. r“g elvery Self-Micro emulsifying Drug Delivery Self-Nanoemulsifying Drug Delivery
. Systems: Isotropic mixtures that . - ;
Definition . Systems: Form microemulsions upon Systems: Form nano emulsions upon
form coarse emulsions upon . o
L dilution dilution
dilution
Droplet size 200 nm -5 pm 10-100 nm 20-50 nm

Appearance Cloudy, milky emulsion
Thermodynamic Kinetically stable; prone to phase
stability separation and coalescence

Emulsification energy

L itation fi GI tilit;
required ow agitation from GI motility

Interfacial tension

Higher oil and surfactant content
often needed; co-surfactant
optional

Excipient’s
requirements

Moderate to high for lipophilic

Drug loading capacity drugs

Translucent to slightly bluish

Thermodynamically stable; resistant
to phase separation

Very low agitation; spontaneous

Moderately reduced by surfactants Low, due to surfactant + co-surfactant

Surfactant + co-surfactant required
for microemulsion formation

High for lipophilic drugs

Transparent to slightly bluish

Highly thermodynamically stable;
resistant to dilution, pH, and
temperature changes

Minimal agitation; spontaneous

Very low, due to optimized surfactant/
co-surfactant ratio

Optimized surfactant/co-surfactant
ratio; lower surfactant load possible

High, but sensitive to drug precipitation
upon digestion

CONCLUSION AND FUTURE PERSPECTIVES

Oral lipid-based drug delivery systems have transformed
the formulation landscape for poorly water-soluble drugs
by addressing the fundamental limitations of dissolution,
solubility, and first-pass metabolism. The evolution from
conventional emulsions to SEDDS, SMEDDS, and SNEDDS
reflects a progressive refinement in controlling droplet size,
thermodynamic stability, and in vivo performance. Each
system operates on the principle of presenting the drug in
a solubilized state within a lipid vehicle that spontaneously
emulsifies in the gastrointestinal tract, but they differ in
droplet size, excipient requirements, and the degree of
reproducibility achieved. SNEDDS represent the current
state of the art, generating nano emulsions with droplet sizes
below 50 nm that minimize precipitation, reduce variability,
and allow lower surfactant loads. The clinical adoption of
SNEDDS for drugs like fenofibrate and ritonavir underscores
their translational potential. Despite these advances, several
challenges remain. High surfactant concentrations can cause
gastrointestinal irritation and limit patient acceptability.
Drug precipitation during digestion and dilution continues
to be a barrier for compounds with poor aqueous solubility
even in the dispersed state. The complexity of in vitro-in
vivo correlation for lipid systems requires more predictive
tools, particularly dynamic lipolysis models that better mimic

human digestion. Regulatory expectations for nano-sized

systems also demand rigorous characterization of droplet
size, polydispersity, and long-term stability. The future of
oral LBDDS lies in overcoming these barriers through hybrid
and intelligent designs. Solid-SNEDDS and solid-SMEDDS
address stability and dosing convenience by adsorbing liquid
preconcentrates onto porous carriers, enabling tablet and
capsule formats with improved shelf life. Stimuli-responsive
and targeted systems that release drug in specific GI regions
or exploit receptor-mediated uptake are expanding the scope
to peptides, proteins, and nucleic acids. Advances in excipient
science, such as digestible surfactants and biocompatible
lipids, are reducing toxicity concerns while maintaining
emulsification efficiency. Computational modeling and
machine learning are beginning to accelerate formulation
optimization by predicting phase behavior and digestion

outcomes.

In summary, oral lipid-based systems have moved from
empirical formulations to rationally designed platforms
that bridge the gap between drug discovery and clinical use.
SEDDS, SMEDDS, and SNEDDS each occupy a distinct niche,
but the trend is toward smaller, more stable, and more patient-
friendly systems. As manufacturing, characterization, and
regulatory frameworks mature, these systems will continue
to enable the oral delivery of drugs that were once considered
undeliverable, ultimately improving therapeutic outcomes

and patient access.
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