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Abstract 
_______________________________________________________________________________________________________________ 

Curcumin, the principal bioactive compound of Curcuma longa, has drawn significant attention for 
its potent anti-inflammatory properties. However, its clinical translation remains limited due to 
poor solubility in aqueous environments, rapid degradation, and extremely low oral 
bioavailability. In recent years, nanoemulsion-based delivery systems have emerged as a 
promising strategy to overcome these barriers. By encapsulating curcumin within nanoscale oil-
in-water emulsions, researchers have achieved enhanced solubility, improved physicochemical 
stability, and more efficient absorption across biological membranes. Preclinical studies 
demonstrate that curcumin-loaded nanoemulsions exhibit superior anti-inflammatory activity 
compared to free curcumin, as evidenced by greater suppression of pro-inflammatory cytokines, 
reduced oxidative stress, and more effective modulation of key signalling pathways in both in vitro 
and in vivo models. These advances highlight nanoemulsions not only as carriers that protect 
curcumin from degradation but also as facilitators of targeted and sustained therapeutic action. 
Future directions should prioritise large-scale clinical evaluations, standardised formulation 
protocols, and clear regulatory frameworks to ensure safety, reproducibility, and patient 
accessibility. Overall, curcumin-loaded nanoemulsions represent a compelling avenue for 
harnessing the therapeutic potential of curcumin, particularly for managing inflammation-driven 
disorders. 

Keywords: Curcumin, Nanoemulsion, Drug delivery, Anti-inflammatory therapy, Bioavailability, 
Clinical translation 

 

Introduction 

Inflammation is a fundamental biological response that 
plays a dual role in maintaining human health. On one 
hand, it serves as a protective mechanism that eliminates 
harmful stimuli and initiates tissue repair. On the other 
hand, when inflammation becomes chronic or 
dysregulated, it underlies the pathogenesis of numerous 
debilitating diseases. Global epidemiological data 
consistently underscore the massive burden posed by 
inflammation-related disorders. Conditions such as 
rheumatoid arthritis, inflammatory bowel disease (IBD), 
cardiovascular disease, diabetes, and neurodegenerative 
disorders like Alzheimer’s disease are strongly linked to 
chronic inflammation.1,2 The World Health Organisation 
identifies non-communicable diseases, many of which 
are driven by persistent inflammatory processes, as the 
leading cause of mortality worldwide, accounting for 
more than 70% of deaths annually. Beyond the human 
toll, these conditions impose enormous economic costs 
on healthcare systems and society through loss of 
productivity, long-term treatment needs, and reduced 
quality of life.3 

Within this context, there is an urgent need for 
therapeutic strategies that can safely and effectively 
modulate inflammatory pathways. While conventional 
anti-inflammatory drugs, including corticosteroids and 
nonsteroidal anti-inflammatory drugs (NSAIDs), are 
widely prescribed, their long-term use is limited by 
adverse effects such as gastrointestinal toxicity, 
cardiovascular risks, and immune suppression. This 
therapeutic gap has spurred interest in natural bioactive 
compounds with anti-inflammatory potential, 
particularly polyphenols derived from medicinal plants. 
Among these, curcumin, the yellow pigment isolated 
from the rhizome of Curcuma longa (turmeric), has 
emerged as one of the most extensively studied 
candidates.4 

Curcumin as a Natural Polyphenol with 
Therapeutic Promise 

Curcumin is a diferuloylmethane polyphenol with a long 
history of use in traditional medicine across South Asia, 
especially in Ayurveda and Chinese medicine. Over the 
past three decades, extensive preclinical research has 
illuminated its broad spectrum of pharmacological 
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properties, including antioxidant, anticancer, 
antimicrobial, and, notably, anti-inflammatory effects.5 
Mechanistically, curcumin modulates key molecular 
targets implicated in inflammation, including nuclear 
factor kappa B (NF-κB), cyclooxygenase-2 (COX-2), 
inducible nitric oxide synthase (iNOS), and pro-
inflammatory cytokines such as tumour necrosis factor-
alpha (TNF-α), interleukin-1β, and interleukin-6. 
Through these pleiotropic actions, curcumin has 
demonstrated efficacy in reducing tissue damage, 
attenuating oxidative stress, and suppressing 
inflammatory cascades across a variety of disease 
models.6 

In clinical studies, curcumin supplementation has been 
associated with symptomatic improvement in patients 
with arthritis, reduced relapse rates in ulcerative colitis, 
and beneficial effects in metabolic syndrome and 
depression. Importantly, curcumin’s favourable safety 
profile, even at relatively high oral doses, positions it as 
an attractive alternative or adjunct to conventional 
therapies. Despite these promising attributes, the clinical 
success of curcumin has been hampered by critical 
pharmacokinetic limitations.7 

Limitations of Conventional Curcumin 
Formulations 

The therapeutic potential of curcumin is limited by its 
unfavourable physicochemical and pharmacokinetic 
properties. Being highly hydrophobic, it shows minimal 
solubility in aqueous environments, restricting 
dissolution in gastrointestinal fluids. It is also chemically 
unstable at physiological pH, undergoing rapid hydrolytic 
and oxidative degradation. Furthermore, after 
absorption, curcumin experiences extensive first-pass 
metabolism in the liver and intestinal mucosa, leading to 
the formation of glucuronide and sulphate conjugates 
that are rapidly eliminated. Consequently, its systemic 
bioavailability after oral administration remains 
extremely low, with plasma levels of free curcumin often 
undetectable or short-lived, even at high doses.8 

Conventional formulations such as curcumin capsules or 
powders do not effectively overcome its poor solubility 
and bioavailability. Approaches like co-administration 
with bioenhancers such as Piperine from black pepper 
can improve absorption but raise safety concerns due to 
non-selective inhibition of drug-metabolising enzymes. 
Likewise, complexation with phospholipids or 
cyclodextrins offers only modest improvements, failing to 
fully address issues of solubility, stability, and targeted 
delivery. These limitations highlight the need for more 
sophisticated delivery systems capable of overcoming the 
intrinsic barriers that restrict curcumin’s therapeutic 
potential.9 

Nanotechnology as a Solution for Curcumin 
Delivery 

Advances in nanotechnology have created new 
opportunities to improve the pharmacokinetic and 
therapeutic performance of poorly soluble bioactive 
compounds. Nanocarriers, with their submicron 
dimensions and customisable physicochemical 

properties, can protect encapsulated drugs from 
degradation, enhance solubility and absorption, and 
enable controlled or targeted delivery. Various 
nanocarrier systems have been explored for curcumin, 
including polymeric nanoparticles, liposomes, micelles, 
solid lipid nanoparticles, and dendrimers. Among these, 
nanoemulsions have gained particular attention for 
curcumin delivery because of their distinctive advantages 
in enhancing stability, solubility, and bioavailability.10 

Nanoemulsions are kinetically stable colloidal 
dispersions of oil and water stabilised by surfactants, 
with droplet sizes typically in the range of 20-200 nm. 
Their small droplet size not only increases the surface 
area for dissolution but also enhances intestinal 
absorption through passive diffusion or endocytosis. 
Furthermore, nanoemulsions can be designed to improve 
curcumin’s chemical stability by protecting it from 
environmental degradation, while their fluid nature 
allows for scalability and versatility in formulation. 
Importantly, nanoemulsions are often composed of food-
grade lipids and surfactants, which makes them 
particularly attractive for nutraceutical and 
pharmaceutical applications.11 

Curcumin-Loaded Nanoemulsions: Anti-
Inflammatory Potential 

Recent preclinical investigations have demonstrated that 
curcumin-loaded nanoemulsions exert superior anti-
inflammatory effects compared to unformulated 
curcumin. In animal models of arthritis, nanoemulsions 
have led to more pronounced reductions in paw oedema, 
histological inflammation, and cytokine expression. In 
models of colitis, they have improved mucosal healing 
and reduced markers of oxidative stress. These findings 
highlight how the improved solubility, absorption, and 
tissue distribution of nanoemulsion-encapsulated 
curcumin translate directly into enhanced therapeutic 
efficacy. Beyond systemic delivery, topical and 
transdermal curcumin nanoemulsions have also shown 
promise in reducing localised inflammation, 
underscoring their versatility.12 

In vitro studies complement these findings, showing that 
nanoemulsion formulations increase cellular uptake of 
curcumin, leading to stronger inhibition of NF-κB 
activation and downstream inflammatory gene 
expression. Together, these observations support the 
rationale for continued exploration of nanoemulsions as 
a platform for curcumin delivery in inflammatory 
diseases.13 

Objective of this Review 

Despite extensive research, studies on curcumin 
nanoemulsions remain fragmented, with diverse 
formulation methods and inconsistent outcomes. A 
critical synthesis of existing advances is therefore 
essential to guide future research and development. This 
review aims to provide a comprehensive and analytical 
overview of curcumin-loaded nanoemulsions, focusing 
on formulation strategies, physicochemical and 
biological evaluations, and their therapeutic potential in 
inflammatory disease models. By integrating findings 
from recent literature, we seek to clarify the current 
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understanding of the field, identify major challenges, and 
outline prospects for clinical translation. 

Ultimately, this review endeavours to bridge the gap 
between promising experimental outcomes and real-
world therapeutic application, underscoring the 
potential of nanoemulsions as an efficient and practical 
delivery platform to fully harness curcumin’s anti-
inflammatory efficacy. 

Curcumin: Pharmacological Basis for Anti-
Inflammatory Activity 

Curcumin, the primary curcuminoid derived from the 
rhizome of Curcuma longa, is one of the most extensively 
studied natural polyphenols in modern pharmacology. Its 
promise as an anti-inflammatory agent stems from its 
unique chemical structure and broad modulation of 
molecular pathways implicated in inflammation. This 
section discusses the chemical and physicochemical 
properties that define curcumin, its mechanisms of anti-
inflammatory activity, the barriers that limit its 
bioavailability, and how its activity compares with that of 
synthetic anti-inflammatory agents. 

Chemical Structure and Physicochemical 
Properties: 

Curcumin is chemically described as diferuloylmethane, 
belonging to the diarylheptanoid class of natural 
products. Structurally, it is composed of two aromatic 
ring systems bearing o-methoxy phenolic groups linked 
by a seven-carbon chain containing an α,β-unsaturated β-
diketone moiety. This conjugated structure is largely 
responsible for curcumin’s distinctive yellow colour and 
its antioxidant capacity, as the phenolic hydroxyl groups 
and conjugated double bonds readily participate in 
electron transfer and free radical scavenging.14 

 

Figure 1. Chemical structure of curcuminoids (including 
Curcumin, Desmethoxycurcumin, 
bisdemethoxycurcumin).4 

From a physicochemical standpoint, curcumin exhibits a 
high degree of hydrophobicity, with an aqueous solubility 
of less than 0.1 mg/mL under physiological conditions. It 
is soluble in organic solvents such as ethanol, dimethyl 
sulfoxide, and acetone, but its limited water solubility 
severely hampers its dissolution in gastrointestinal 
fluids. Furthermore, curcumin is chemically unstable, 

undergoing rapid hydrolytic degradation at neutral to 
alkaline pH, producing ferulic acid, vanillin, and other 
metabolites with diminished bioactivity. These 
properties, while central to its biological interactions, 
create significant hurdles for therapeutic application, 
necessitating novel delivery approaches such as 
nanoemulsions. 15 

Mechanisms of Anti-Inflammatory Action: 

Curcumin’s anti-inflammatory activity is pleiotropic, 
targeting multiple signalling cascades that orchestrate 
the inflammatory response. Rather than acting through a 
single receptor or enzyme, curcumin exerts broad-
spectrum modulation of transcription factors, enzymes, 
and cytokines. 

1) Inhibition of the NF-κB Pathway 

One of the most well-established mechanisms involves 
inhibition of nuclear factor kappa B (NF-κB), a 
transcription factor that regulates genes responsible for 
cytokine production, adhesion molecules, and 
inflammatory mediators. In unstimulated cells, NF-κB 
remains sequestered in the cytoplasm bound to inhibitor 
proteins (IκBs). Pro-inflammatory stimuli such as 
lipopolysaccharides (LPS) or cytokines trigger the 
phosphorylation and degradation of IκBs, releasing NF-
κB to translocate into the nucleus. Curcumin interferes 
with this process by inhibiting IκB kinase (IKK) activity, 
thereby preventing IκB degradation and nuclear 
translocation of NF-κB. This leads to reduced expression 
of TNF-α, interleukin-1β (IL-1β), and other downstream 
mediators central to chronic inflammation.16,17 

2) Downregulation of COX-2 and LOX Enzymes 

Curcumin also exerts inhibitory effects on 
cyclooxygenase-2 (COX-2) and lipoxygenase (LOX), two 
key enzymes responsible for the synthesis of 
prostaglandins and leukotrienes from arachidonic acid. 
By suppressing COX-2 expression and directly inhibiting 
LOX activity, curcumin reduces the generation of 
eicosanoids that sustain inflammatory signalling and 
pain perception. This dual targeting of both enzymatic 
pathways is particularly valuable, as it offers broader 
anti-inflammatory coverage compared to conventional 
NSAIDs, which mainly target COX isoforms.18 

3) Modulation of Pro- and Anti-Inflammatory 
Cytokines 

Cytokine imbalance lies at the heart of many 
inflammatory disorders. Curcumin has been shown to 
downregulate the production of pro-inflammatory 
cytokines such as TNF-α, IL-6, and IL-8, while promoting 
anti-inflammatory cytokines like IL-10. This rebalancing 
of the cytokine milieu attenuates immune cell 
recruitment and tissue injury, particularly in diseases like 
rheumatoid arthritis and inflammatory bowel disease.19 

4) Suppression of MAPK and JAK/STAT Pathways 

Mitogen-activated protein kinases (MAPKs) and Janus 
kinase/signal transducer and activator of transcription 
(JAK/STAT) pathways are critical for signal transduction 
in immune cells. Curcumin interferes with 
phosphorylation events in these pathways, resulting in 
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decreased transcription of genes involved in 
inflammation and cell proliferation.20 

5) Antioxidant and Redox Modulation 

In addition to direct signalling effects, curcumin 
enhances cellular antioxidant defences by activating 
nuclear factor erythroid 2-related factor 2 (Nrf2). This 

transcription factor regulates the expression of 
antioxidant enzymes such as superoxide dismutase and 
catalase. By countering oxidative stress, curcumin 
indirectly reduces inflammation, as reactive oxygen 
species (ROS) are potent activators of NF-κB and other 
pro-inflammatory pathways.21

 

 

Figure 2: Mechanisms of Anti-Inflammatory Action of Curcumin.4 

 

Collectively, these mechanisms underscore curcumin’s 
role as a multitarget anti-inflammatory agent, capable of 
addressing the complexity of chronic inflammatory 
diseases more holistically than many single-target drugs. 

Bioavailability Barriers: 

Despite its broad pharmacological activity, curcumin’s 
clinical application has been significantly hindered by 
pharmacokinetic limitations. Oral administration leads 
to very low plasma and tissue concentrations due to: 

1) Poor aqueous solubility – limits dissolution in the 
gastrointestinal tract. 

2) Chemical instability – rapid degradation under 
physiological conditions reduces the intact compound 
available for absorption. 

3) Extensive metabolism – curcumin undergoes rapid 
conjugation in the liver and intestinal mucosa, 
forming glucuronide and sulphate metabolites with 
reduced biological activity. 

4) Poor systemic distribution – even when absorbed, 
curcumin’s hydrophobicity restricts its 
biodistribution, and rapid systemic clearance limits 
therapeutic exposure. 

As a result, even high oral doses (up to 8–12 g/day in 
some trials) yield minimal systemic bioavailability, 
highlighting the urgent need for advanced delivery 
systems such as nanoemulsions, nanoparticles, or 
liposomes to overcome these barriers.22 

 

Nanoemulsion Technology Overview 

Definition and Types of Nanoemulsions: 

Nanoemulsions are thermodynamically unstable yet 
kinetically stable colloidal dispersions of two immiscible 
liquids, commonly oil and water, stabilised by surfactants 
and co-surfactants, with droplet sizes typically in the 
range of 20–200 nm. Their small droplet size confers 
unique physicochemical properties, such as transparency 
or translucency, high surface area, and enhanced 
solubilisation of lipophilic compounds.23 

Depending on the relative proportions of oil and water 
phases, nanoemulsions can be classified into three 
primary types: 

1) Oil-in-Water (O/W) Nanoemulsions 

In this system, oil droplets are dispersed within a 
continuous aqueous phase. O/W nanoemulsions are 
particularly suitable for oral, intravenous, and topical 
delivery of hydrophobic drugs such as curcumin because 
the aqueous phase allows for compatibility with 
biological environments. 

2) Water-in-Oil (W/O) Nanoemulsions 

Here, water droplets are dispersed in a continuous oil 
phase. These systems are less commonly used in oral or 
systemic delivery but can be valuable for transdermal or 
cosmetic applications where sustained release in a 
lipophilic medium is beneficial. 
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3) Bi-Continuous Nanoemulsions 

These exhibit a bicontinuous structure where both oil 
and water phases form interpenetrating domains. They 

are less common than O/W or W/O types but may offer 
unique drug delivery advantages due to their ability to 
solubilise both hydrophilic and lipophilic molecules 
simultaneously.24

 

 

Figure 3. Three primary types of Nanoemulsions based on their dispersed and continuous phases: oil-in-water (O/W), 
water-in-oil (W/O), and bi-continuous Nanoemulsions.25 

 

Composition of Nanoemulsions: 

The successful design of nanoemulsions depends on 
careful selection of their components: 

• Oils: Oils serve as the hydrophobic phase that 
solubilises poorly water-soluble drugs like curcumin. 
Commonly used oils include medium-chain 
triglycerides (MCTs), long-chain triglycerides (LCTs), 
and natural oils (e.g., soybean oil, sesame oil, or fish 
oil). The choice of oil significantly influences 
solubilization capacity, stability, and drug release 
profile. 

• Surfactants: Surfactants reduce the interfacial 
tension between oil and water, stabilising nano-sized 
droplets. Non-ionic surfactants (e.g., Tween 20, 
Tween 80, and poloxamers) are widely preferred due 
to their low toxicity and biocompatibility. The 
hydrophilic–lipophilic balance (HLB) of the surfactant 
determines whether an O/W or W/O nanoemulsion is 
formed. 

• Co-Surfactants: Short-chain alcohols (e.g., ethanol, 
propylene glycol) or glycols are often used as co-
surfactants to further reduce interfacial tension and 
improve fluidity of the interfacial film, enabling the 
formation of stable nano-sized droplets. 

• Aqueous Phase: The continuous phase, usually water 
or buffer, forms the bulk medium in O/W systems. It 
may also contain stabilisers, pH adjusters, or 
cryoprotectants depending on the intended route of 
administration. 

The interplay of these components determines the 
droplet size, stability, and drug-loading efficiency of the 
final nanoemulsion.26 

Preparation Techniques: 

Nanoemulsions can be prepared using high-energy 
methods or low-energy methods, each offering distinct 
advantages depending on the desired formulation 
characteristics and scalability. 
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High-Energy Methods 

1) High-Pressure Homogenisation (HPH): 

In this widely used technique, coarse emulsions are 
passed through a narrow gap at very high pressure 
(500–2000 bar). The intense shear forces, turbulence, 
and cavitation reduce droplet sizes to the nanometre 
range. HPH is scalable and reproducible, making it 
suitable for industrial production of curcumin 
nanoemulsions. 

2) Ultrasonication: 

This method uses ultrasonic waves to generate cavitation 
bubbles in the liquid, which collapse and produce intense 
shear forces that break down droplets. Ultrasonication is 
particularly useful for small-scale preparation and allows 
fine control over droplet size, though scalability can be a 
limitation.26 

Low-Energy Methods 

1) Phase Inversion Temperature (PIT): 

PIT relies on the temperature-dependent solubility of 
non-ionic surfactants. At specific temperatures, the 
surfactant’s affinity shifts between hydrophilic and 
lipophilic phases, leading to the spontaneous formation 
of nano-sized droplets. Cooling or heating the system 
away from the PIT locks the droplets in place. 

2) Spontaneous Emulsification: 

This involves mixing oil, surfactant, and co-surfactant 
with water under controlled conditions. Interfacial 
turbulence and diffusion gradients cause the 
spontaneous formation of small droplets without 
requiring external energy. While simple, this method may 
be less efficient for large-scale applications. 

The choice of method depends on factors such as the 
desired droplet size, scalability, cost, and 
thermosensitivity of the bioactive compound.26 

Factors Affecting Stability: 

Stability is a critical concern for nanoemulsions, as their 
high surface energy makes them prone to destabilisation. 
Several factors play key roles: 

• Droplet Size: Smaller droplets (<100 nm) improve 
physical stability by minimising gravitational 
separation phenomena like creaming or 
sedimentation. They also enhance transparency and 
bioavailability. 

• Zeta Potential: The surface charge of droplets, 
expressed as zeta potential, influences electrostatic 
repulsion between particles. High absolute zeta 
potential values (>±30 mV) reduce aggregation and 
coalescence. 

• Surfactant Choice and Concentration: The type and 
amount of surfactant determine interfacial film 
strength. Insufficient surfactant leads to droplet 
coalescence, whereas excessive surfactant may cause 
toxicity or destabilise the system by forming micelles. 

• Environmental Conditions: Factors such as pH, ionic 
strength, and temperature can destabilise 

nanoemulsions by promoting phase separation or 
altering surfactant properties. Careful optimisation is 
therefore essential.27 

Advantages over Other Nanocarriers: 

Several nanocarrier systems have been developed to 
enhance the delivery of hydrophobic drugs, but 
nanoemulsions offer unique advantages: 

• Versatility in Composition: Nanoemulsions can 
incorporate a wide range of oils and surfactants, 
allowing flexibility in tailoring solubility and release 
profiles. 

• Ease of Scale-Up: Compared to polymeric 
nanoparticles or liposomes, nanoemulsions can often 
be produced on a large scale using standard 
homogenisation equipment, making them more 
industrially feasible. 

• High Solubilisation Capacity: Due to their oil phase, 
nanoemulsions are particularly effective at 
solubilising highly lipophilic compounds like 
curcumin, often surpassing the loading capacity of 
solid lipid nanoparticles or micelles. 

• Biocompatibility: Formulated with food-grade lipids 
and surfactants, nanoemulsions are generally 
considered safe and suitable for oral, topical, and 
parenteral routes of administration. 

• Enhanced Absorption: The small droplet size and 
large surface area facilitate improved drug absorption 
through the gastrointestinal tract or skin. 
Nanoemulsions also enhance lymphatic transport, 
bypassing first-pass metabolism and further 
improving systemic bioavailability. 

In contrast, liposomes can carry both water- and fat-
loving drugs but often face stability problems such as 
fusion and leakage. Polymeric nanoparticles allow 
controlled release but are harder to make and may cause 
toxicity. Solid lipid nanoparticles are more stable but hold 
less drug and can change form during storage. In 
comparison, nanoemulsions are easier to prepare, more 
stable, and can load more drug efficiently, making them a 
better option for curcumin delivery.28 

Formulation Strategies of Curcumin-Loaded 
Nanoemulsions 

Formulating curcumin-loaded nanoemulsions requires a 
careful approach to overcome its poor solubility, 
instability, and low bioavailability while maintaining 
safety and scalability. The choice of suitable oils, 
surfactants, and co-surfactants, along with optimisation 
of formulation parameters, is essential for achieving 
effective delivery. This section discusses strategies to 
improve solubility, the roles of key excipients, the use of 
design of experiments (DoE) for systematic optimisation, 
and important evaluation factors such as encapsulation 
efficiency and stability, supported by examples of 
successful formulations.29 

 

 



Pache et al.                                                                                                                                  Journal of Drug Delivery & Therapeutics. 2026; 16(1):146-158 

ISSN: 2250-1177                                                                                            [152]                                                                                            CODEN (USA): JDDTAO 

Solubility Enhancement Approaches: 

The first step in formulating curcumin nanoemulsions is 
improving its solubility within the oil phase. Unlike 
water-soluble drugs, curcumin requires hydrophobic 
carriers capable of dissolving it at sufficiently high 
concentrations. Several approaches have been employed: 

1) Oil Selection: Medium-chain triglycerides (MCTs), 
long-chain triglycerides (LCTs), and essential oils 
such as clove, eucalyptus, and black seed oil have been 
tested for curcumin solubilisation. MCTs, in particular, 
are favoured for their superior solubilising capacity 
and ability to stimulate lymphatic transport, 
bypassing hepatic first-pass metabolism. 

2) Use of Mixed Oils: Combining triglycerides with 
essential oils not only enhances solubility but also 
provides synergistic pharmacological benefits, such 
as anti-inflammatory or antioxidant effects inherent 
to the oils themselves. 

3) Pre-Solubilisation with Co-Solvents: Solvents like 
ethanol, propylene glycol, and polyethylene glycol 
(PEG) can temporarily improve curcumin’s solubility 
during formulation, though their concentration must 
be controlled to prevent toxicity. 

4) Solidification of Liquid Phases: In some 
formulations, curcumin is first dissolved in the oil 
phase and subsequently incorporated into 
nanoemulsions, ensuring high drug loading. 

By carefully optimising these approaches, researchers 
have achieved solubility improvements of several 
hundred-fold compared to curcumin’s native solubility in 
water.30 

Role of Excipients: 

The excipients in nanoemulsion formulations are not 
merely passive carriers; they profoundly influence 

solubility, stability, droplet size, and therapeutic 
performance. 

Oils 

• Medium-Chain Triglycerides (MCTs): Widely used 
due to their excellent solubilization capacity, 
biocompatibility, and ability to stimulate 
chylomicron-mediated lymphatic absorption. 

• Long-Chain Triglycerides (LCTs): Provide sustained 
release but may limit drug solubility compared to 
MCTs. 

• Essential Oils: Oils such as peppermint, clove, and 
black cumin not only dissolve curcumin effectively but 
also impart intrinsic biological activities, including 
antimicrobial and anti-inflammatory effects, which 
can synergise with curcumin’s activity.31 

Surfactants 

• Polysorbates (Tween 20, Tween 80): Non-ionic 
surfactants commonly used for their safety and ability 
to produce stable O/W emulsions. Tween 80, with an 
HLB value around 15, is particularly effective for 
curcumin solubilisation. 

• Sorbitan esters (Span 20, Span 80): Often used in 
combination with Tweens to achieve the right 
hydrophilic–lipophilic balance and stabilise droplets. 

• Poloxamers: Amphiphilic block copolymers that can 
improve stability and protect against enzymatic 
degradation.32 

Co-Surfactants/Solvents 

• Ethanol: Reduces interfacial tension and improves 
miscibility, though excessive amounts may destabilise 
the emulsion. 

• Propylene Glycol and PEG: Provide both co-solvent 
and stabilising effects, enhancing solubilization and 
reducing droplet size.33

Table 1: Role of Excipients in Curcumin Nanoemulsions 

Component Example Function in Nanoemulsion References 

Oils Medium Chain Triglycerides 
(MCT), Sesame oil, Soybean oil 

Solubilise curcumin and improve 
absorption. 

[26], [31], 
[33] 

Surfactants Tween 80, Span 20, Poloxamer 
188 

Reduce interfacial tension, stabilise 
droplets 

[26], [31] 

Co-surfactants Ethanol, Propylene glycol, PEG 
400 

Improve the flexibility of the 
interfacial film and enhance stability. 

[31], [32] 

Aqueous phase Distilled water, phosphate buffer Continuous phase for dispersion [32] 

Essential oils Clove oil, Eucalyptus oil, Thyme 
oil 

Provide solubilization and additional 
anti-inflammatory effects. 

[31], [33] 

Antioxidants/Stabilisers Tocopherol, Ascorbic acid Prevent oxidation and degradation 
of curcumin. 

[33] 

 

The combination of surfactant and co-surfactant, often 
referred to as the “Smix”, determines whether a stable 
nanoemulsion system can form. The optimal Smix ratio is 

typically identified through phase diagrams and 
experimental screening.
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Encapsulation Efficiency, Drug Loading, and 
Stability Aspects: 

The performance of curcumin nanoemulsions is often 
assessed through three critical parameters: 

1) Encapsulation Efficiency (EE): Represents the 
percentage of curcumin successfully entrapped in the 
oil phase relative to the total amount used. High EE 
values (>90%) are typically achievable due to 
curcumin’s lipophilic nature, though stability issues 
such as precipitation may arise if the solubility limit is 
exceeded. 

2) Drug Loading (DL): Expressed as the ratio of drug to 
total formulation weight, DL indicates the 
formulation’s capacity to deliver therapeutic doses. 
Higher drug loading is desirable for clinical 
translation to reduce dosing volume. 

3) Stability: Physical stability is monitored by droplet 
size distribution, zeta potential, and resistance to 
phase separation. Chemical stability involves 
protecting curcumin against degradation from light, 
oxygen, or hydrolysis. Nanoemulsions stabilised with 
antioxidants or stored under controlled conditions 
can significantly extend curcumin’s shelf life 
compared to free curcumin powder.34 

Evaluation Parameters of Curcumin 
Nanoemulsions 

The successful development of curcumin-loaded 
nanoemulsions depends on both smart formulation 
design and thorough evaluation across physicochemical, 
biological, and pharmacokinetic aspects. This ensures 
that the system is stable, safe, and therapeutically 
effective. This section outlines the key parameters and 
methods used to assess curcumin nanoemulsions, 
including particle characterisation, stability testing, and 
in vivo evaluation of anti-inflammatory activity. 

Physicochemical Evaluation: 

Particle Size and Polydispersity Index (PDI) 

Particle size is a fundamental determinant of 
nanoemulsion performance, influencing solubility 
enhancement, stability, and bioavailability. 
Nanoemulsions typically fall within the 20–200 nm 
range, with smaller droplets offering increased surface 
area for drug dissolution and absorption. 

Dynamic Light Scattering (DLS): The most widely used 
technique for particle size determination. DLS also 
provides the PDI, which reflects the uniformity of particle 
distribution. A PDI value below 0.3 is generally 
considered acceptable for pharmaceutical NEs, 
indicating narrow size distribution and minimal 
aggregation. 

Impact on Performance: Smaller droplets facilitate 
lymphatic uptake and improve oral bioavailability, while 
highly uniform systems (low PDI) demonstrate better 
thermodynamic stability.35 

 

 

Zeta Potential 

Zeta potential measures the electrical potential at the 
droplet surface, reflecting the repulsive forces between 
particles. 

Threshold Values: Zeta potentials beyond ±30 mV 
typically indicate strong electrostatic repulsion, reducing 
the likelihood of aggregation. 

Relevance: For curcumin NEs, high zeta potential values 
correlate with prolonged stability, particularly under 
physiological ionic conditions. Incorporation of charged 
surfactants or stabilisers can be used to tune this 
parameter.36 

Morphological Analysis (TEM/SEM) 

Transmission Electron Microscopy (TEM) and Scanning 
Electron Microscopy (SEM) provide direct visualisation 
of nanoemulsion droplets. 

TEM: Offers high-resolution imaging of droplet size and 
shape, confirming the spherical nature of most curcumin 
NEs. 

Cryo-TEM: Enables imaging in near-native states, 
avoiding artefacts introduced by drying. 

SEM: Provides complementary data but is less commonly 
used due to limited resolution at the nanoscale. 

Together, these imaging techniques validate particle size 
data from DLS and reveal microstructural details critical 
for mechanistic understanding.37 

Thermodynamic Stability: 

Nanoemulsions are kinetically stable but may undergo 
destabilisation due to Ostwald ripening, coalescence, or 
phase separation. Hence, rigorous stability testing is 
essential. 

Centrifugation Test 

Nanoemulsions are subjected to centrifugation (typically 
at 3000–5000 rpm for 30–60 min). The absence of phase 
separation or precipitation indicates physical stability 
under mechanical stress. 

Heating–Cooling Cycles 

Formulations are cycled between 4°C and 40°C for 
several days. Stable formulations retain clarity, droplet 
size, and homogeneity. This test mimics storage and 
transportation conditions. 

Freeze–Thaw Tests 

Repeated cycles between –20°C and +25°C assess the 
robustness of nanoemulsions under extreme storage 
conditions. Successful formulations remain free from 
creaming, cracking, or curcumin precipitation. 

Thermodynamic stability evaluations serve as predictive 
indicators of shelf life and robustness, particularly 
important for large-scale manufacturing and clinical 
deployment.38 
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In Vitro Anti-Inflammatory Models: 

To establish biological relevance, curcumin 
nanoemulsions are routinely evaluated in vitro using 
assays that model inflammatory processes. 

Protein Denaturation Assay 

Protein denaturation is a hallmark of inflammatory 
responses. Curcumin NEs are assessed for their ability to 
inhibit heat- or chemical-induced protein denaturation 
(e.g., bovine serum albumin). Superior inhibition 
compared to free curcumin reflects enhanced 
stabilisation and bioactivity. 

Membrane Stabilisation Assay  

Erythrocytes are used as surrogate models for lysosomal 
membranes. Curcumin NEs prevent haemolysis induced 
by hypotonic or chemical stress, indicating potential to 
stabilise cellular membranes under inflammatory 
conditions. 

In Vivo Anti-Inflammatory Studies: 

Animal models provide the next tier of evidence, 
demonstrating pharmacological efficacy under complex 
biological conditions. 

Carrageenan-Induced Paw Oedema 

This classic acute inflammation model measures oedema 
formation following carrageenan injection in rodents. 
Oral or parenteral administration of curcumin NEs 
results in significant inhibition of paw swelling, typically 
surpassing that of free curcumin. 

Arthritis Models 

Curcumin NEs have been tested in collagen-induced or 
adjuvant-induced arthritis models. Outcomes include 
reduced paw swelling, joint destruction, and 
inflammatory cytokine levels (TNF-α, IL-6, IL-1β). These 

models closely mimic human rheumatoid arthritis, 
providing translational relevance. 

Together, these in vivo studies establish the superiority 
of curcumin nanoemulsions in mitigating both acute and 
chronic inflammatory responses.39 

Pharmacokinetic Studies: 

Pharmacokinetic profiling provides critical insights into 
how nanoemulsions modify curcumin’s absorption, 
distribution, metabolism, and excretion (ADME). 

Absorption 

Compared to free curcumin, nanoemulsions markedly 
enhance oral absorption due to improved solubilisation, 
protection from gastrointestinal degradation, and 
lymphatic transport. Pharmacokinetic studies 
consistently report higher Cmax (peak plasma 
concentration) and AUC (area under the curve) for 
curcumin NEs. 

Distribution 

Nanoemulsions facilitate broader tissue distribution, 
particularly in the liver, spleen, and inflamed tissues. 
PEGylated NEs further prolong circulation and enhance 
passive targeting of inflamed or tumour tissues via the 
enhanced permeability and retention (EPR) effect. 

Metabolism 

Curcumin undergoes extensive first-pass metabolism to 
glucuronides and sulphates, limiting bioactive 
concentrations. By promoting lymphatic transport and 
protecting curcumin in micellar droplets, nanoemulsions 
significantly reduce premature metabolism. 

Excretion 

Curcumin NEs exhibit prolonged half-life and reduced 
renal clearance, ensuring sustained systemic exposure.40

 

Table 2: Evaluation Parameters & Techniques. 

Parameter Purpose Analytical Method/Technique References 

Particle size and PDI Assess droplet size and 
distribution. 

Dynamic Light Scattering (DLS) [23], [36], 
[40] 

Zeta potential Determine surface charge 
and predict stability. 

Electrophoretic light scattering [36], [38] 

Morphology Confirm droplet shape and 
structure. 

TEM, SEM, Cryo-TEM imaging [37], [40] 

Thermodynamic 
stability 

Evaluate resistance to phase 
separation. 

Centrifugation, heating–cooling, freeze–
thaw tests 

[23], [38] 

In vitro release Assess drug diffusion and 
release profile. 

Dialysis bag, Franz diffusion cell [23], [40] 

In vitro anti-
inflammatory activity 

Measure biological efficacy. Protein denaturation, membrane 
stabilisation, and NO inhibition assays 

[39], [40] 

In vivo anti-
inflammatory studies 

Evaluate pharmacological 
activity. 

Carrageenan paw oedema, cotton pellet 
granuloma, and arthritis models 

[39] 

Pharmacokinetic 
evaluation 

Assess absorption and 
bioavailability. 

HPLC or LC-MS/MS analysis [23], [40] 
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Anti-Inflammatory Applications of Curcumin-
Loaded Nanoemulsions 

Curcumin-loaded nanoemulsions have demonstrated 
remarkable therapeutic potential across a wide range of 
inflammation-related disorders due to their ability to 
enhance curcumin’s solubility, stability, and 
bioavailability. The nanoscale droplet size and large 
surface area enable more efficient cellular uptake and 
interaction with inflammatory mediators, making 
nanoemulsions a superior delivery platform for 
curcumin compared to conventional formulations. 

Systemic and Acute Inflammation 

In models of acute inflammation, curcumin 
nanoemulsions exhibit significant suppression of 
inflammatory responses, such as reduced paw oedema, 
lowered tissue infiltration by immune cells, and 
decreased expression of pro-inflammatory cytokines. 
These effects are primarily attributed to inhibition of key 
signalling pathways, including NF-κB and COX-2, which 
regulate the synthesis of cytokines like TNF-α, IL-1β, and 
IL-6. The rapid absorption and sustained release 
properties of nanoemulsions ensure prolonged anti-
inflammatory action at lower doses.41 

Chronic Inflammatory and Arthritic Conditions 

Chronic inflammatory disorders such as rheumatoid 
arthritis and osteoarthritis benefit greatly from 
nanoemulsion-based curcumin therapy. In preclinical 
studies, curcumin nanoemulsions effectively attenuate 
joint inflammation, cartilage degradation, and oxidative 
stress, leading to improved joint function. Enhanced 
systemic bioavailability allows for consistent modulation 
of inflammatory biomarkers and improved antioxidant 
defence mechanisms, offering a safer and more effective 
alternative to nonsteroidal anti-inflammatory drugs.42 

Gastrointestinal Inflammation 

Orally administered curcumin nanoemulsions have 
shown substantial efficacy in models of inflammatory 
bowel disease and colitis. The formulation protects 
curcumin from degradation in the gastrointestinal tract, 
enabling greater mucosal absorption and localised anti-
inflammatory activity. Treated subjects exhibit reduced 
ulceration, lower myeloperoxidase activity, and 
improved epithelial integrity, suggesting potential use in 
managing intestinal inflammation and oxidative injury.43 

Neuroinflammatory Disorders 

Curcumin’s ability to cross the blood–brain barrier is 
significantly enhanced when formulated as a 
nanoemulsion. This allows for targeted modulation of 
neuroinflammatory processes implicated in disorders 
such as Alzheimer’s disease and Parkinson’s disease. 
Curcumin nanoemulsions help reduce microglial 
activation, oxidative stress, and neuronal damage, 
leading to improved cognitive and neuroprotective 
outcomes.44 

Topical and Transdermal Applications 

Topically applied curcumin nanoemulsion gels 
demonstrate strong anti-inflammatory and wound-

healing activity. The small droplet size promotes deeper 
skin penetration, sustained local release, and enhanced 
retention at inflamed sites. Such formulations accelerate 
tissue regeneration, reduce erythema, and improve 
healing outcomes, making them attractive for 
dermatological and post-surgical applications.45 

Combination and Synergistic Therapies 

Combining curcumin nanoemulsions with other natural 
bioactives, such as piperine, resveratrol, or essential oils, 
yields synergistic effects. These combinations amplify 
anti-inflammatory and antioxidant actions by 
simultaneously targeting multiple signalling pathways. 
Moreover, essential oils used as the oil phase often 
contribute additional antimicrobial and healing 
benefits.46 

Limitations of current data 

Despite strong preclinical evidence, translation to clinical 
application is still constrained by several factors. 

Limited Clinical Trials 

Only a handful of clinical studies have tested curcumin 
nanoemulsions in humans. While early-phase trials 
suggest enhanced bioavailability and good tolerability, 
large-scale randomised controlled trials (RCTs) assessing 
efficacy in arthritis, IBD, or neurodegenerative diseases 
are lacking. This evidentiary gap impedes clinical 
validation. 

Variability in Formulation Designs 

Diversity in oils, surfactants, preparation techniques, and 
evaluation methods complicates direct comparison 
between studies. Lack of standardised protocols results 
in heterogeneous findings and slows regulatory approval. 

Scale-Up Challenges 

Nanoemulsion production often relies on high-pressure 
homogenisation or ultrasonication, which may not be 
economically or technically feasible for mass 
manufacturing. Ensuring consistent droplet size, 
stability, and reproducibility during scale-up remains a 
critical barrier. 

Incomplete Safety Profiles 

While acute toxicity is well studied, data on chronic 
administration, reproductive safety, and immunotoxicity 
are insufficient. This limits confidence in their suitability 
for long-term management of chronic inflammatory 
diseases. 

Future Perspectives 

The therapeutic utility of curcumin-loaded 
nanoemulsions has been well demonstrated in 
preclinical settings. Still, their broader impact lies in how 
the technology can evolve to meet the needs of modern 
medicine. Several emerging directions point toward an 
exciting future for these systems. 

Personalised Medicine and Targeted Delivery 

The paradigm shift toward personalised medicine 
demands drug delivery systems that account for patient-
specific variability in genetics, metabolism, and disease 
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pathology. Nanoemulsions can be tailored by adjusting 
the oil composition, surfactant ratios, and droplet size to 
meet the unique pharmacokinetic profiles of individual 
patients. Advances in surface engineering, such as ligand-
functionalised Nanoemulsions that target overexpressed 
receptors on inflamed or cancerous tissues may further 
enhance site-specific curcumin delivery, maximising 
therapeutic outcomes while minimising systemic side 
effects.47,48 

Smart Nanoemulsions 

The next generation of curcumin formulations may 
integrate stimuli-responsive features. For example, pH-
sensitive nanoemulsions could release curcumin 
selectively in the acidic microenvironment of tumours or 
inflamed tissues. At the same time, enzyme-responsive 
systems could exploit disease-specific biomarkers for 
controlled drug release. Hybrid carriers that combine the 
oil-based solubilization advantages of nanoemulsions 
with polymeric or lipidic shells may also improve 
stability and enable multidimensional responsiveness.49 

Combination Therapies 

Given the multifactorial nature of inflammation-related 
diseases, curcumin nanoemulsions could be leveraged in 
combination therapies. Co-loading with synergistic 
bioactives such as resveratrol, quercetin, or omega-3 
fatty acids may provide multi-pronged action against 
oxidative stress, cytokine overproduction, and immune 
dysregulation. Additionally, combining curcumin with 
conventional anti-inflammatory drugs (e.g., NSAIDs) in 
nanoemulsion platforms could reduce required doses 
and attenuate adverse effects.50 

Integration with Artificial Intelligence and Machine 
Learning 

Formulation optimisation has traditionally relied on 
trial-and-error or design of experiments. Incorporating 
artificial intelligence (AI) and machine learning (ML) 
could revolutionise this process by predicting optimal 
component ratios, stability outcomes, and in vivo 
performance from large datasets. AI-driven predictive 
models may accelerate formulation development, 
minimise experimental costs, and improve the 
translational success of curcumin nanoemulsions. 51,52 

Outlook for Pharmaceutical Industry Applications 

From a translational perspective, curcumin 
nanoemulsions align well with current industry trends 
prioritising natural compounds and advanced delivery 
systems. Scalable technologies such as high-pressure 
homogenisation and microfluidisation already exist, 
facilitating potential commercialisation. Beyond 
pharmaceuticals, opportunities extend to nutraceuticals, 
functional foods, and cosmeceuticals. However, 
addressing regulatory challenges, ensuring 
reproducibility at an industrial scale, and generating 
robust clinical data will be critical steps for widespread 
acceptance.31,53 

Conclusion 

Curcumin, a natural polyphenol with potent anti-
inflammatory activity, faces limitations in clinical use due 

to poor solubility, instability, and rapid metabolism. 
Nanoemulsion-based delivery systems offer a promising 
solution, enhancing solubility, bioavailability, and 
targeted action. Preclinical studies show that 
nanoemulsions outperform free curcumin in reducing 
inflammation across various disease models, and 
synergistic formulations further broaden their 
therapeutic scope. 

However, challenges remain, including limited clinical 
data, insufficient long-term safety evidence, and the need 
for scalable, standardised production. Future research 
should focus on detailed pharmacokinetic and clinical 
assessments, integration of smart delivery technologies, 
and regulatory harmonisation. 

Overall, curcumin-loaded nanoemulsions represent a 
major advancement in drug delivery, paving the way for 
natural compounds to achieve true therapeutic impact in 
modern medicine through sustained innovation and 
translational research. 
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