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Abstract: Curcumin possesses broad therapeutic potential but remains severely limited by poor solubility, instability, and low
systemic bioavailability. Nanostructured lipid carriers (NLCs) have emerged as an advanced lipid-based delivery platform capable
of overcoming these constraints through optimized lipid organization, high drug-loading capacity, and tunable surface functionality.
This review provides a comprehensive examination of the design evolution of curcumin-loaded NLCs (Cur-NLCs), encompassing core
components, formulation strategies, preparation techniques, and quality determinants that govern physicochemical and biological
performance. Evidence-based classification of formulation approaches is presented, highlighting single-drug, co-loaded, and surface-
modified or functionally engineered NLC systems and their respective therapeutic advantages. Mechanistic insights are discussed to
elucidate how NLCs enhance curcumin’s stability, absorption, intracellular trafficking, and controlled release. Current challenges,
including formulation heterogeneity, scalability, long-term stability, and translational readiness, are critically evaluated, alongside
emerging clinical observations from engineered NLCs that further underscore their translational relevance. From a translational
standpoint, the review identifies NLC designs based on pharmaceutically accepted lipids, scalable preparation methods, and minimal
surface complexity as the most feasible candidates for near-term clinical development, while more elaborate multifunctional or ligand-
modified systems are discussed as promising but longer-term strategies. However, the progress outlined in this review highlights NLCs
as a highly adaptable platform capable of unlocking curcumin’s full pharmacological potential and accelerating its pathway toward
therapeutic applicability.
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Introduction

Curcumin, a polyphenolic compound derived from the rhizome of Curcuma longa, has gained substantial attention due to
its wide-ranging pharmacological activities, including antioxidant, anti-inflammatory, antimicrobial, antidiabetic, antic-
ancer, and neuroprotective effects.'® Despite its promising therapeutic potential, the clinical translation of curcumin
remains limited because of its poor aqueous solubility (<0.1 mg/mL), rapid metabolism, and low systemic bioavailability
(estimated oral bioavailability <1%).”* These physicochemical and pharmacokinetic drawbacks significantly restrict its
absorption and therapeutic efficacy, highlighting the urgent need for advanced delivery systems capable of overcoming

these challenges.

https://doi.org/10.2147/IIN.S586727 International Journal of Nanomedicine 2026:21 586727 |
Received: 5 December 2025 © 2026 Nurohman et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/
Accepted: 3 March 2026 AT terms.php and incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http:/creativecommons.org/licenses/by-nc/4.0/). By accessing
Published: 10 March 2026 the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed.

For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-7746-3271
http://orcid.org/0000-0002-4985-8206
http://orcid.org/0000-0003-3049-8375
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Nurohman et al

Graphical Abstract

oMo atrin o
e

H:,C/O c)\CH, “7\ :.‘»A ‘ozi 4
CURCUMIN — B [OR e
T aiA ‘ “.‘* *

T Qo

vk W L (
o sl
\ ADVANCEMENT:
L Curcumin-loaded Modified Cur-NLC

HPH Oj * Ult-rasonic:.ation NLC (Cur-NLC)

¥

T Delivery . - T Release T Cellular T Targeting
protection Ul sustainability uptake specificity

Mechanisms of Pharmacological Efficacy Enhancement

Over the past decade, nanotechnology-based delivery systems have emerged as powerful strategies to enhance the
solubility, stability, and bioavailability of poorly water-soluble compounds such as curcumin.” A growing number of
publications have explored nanocarriers including liposomes, polymeric nanoparticles, micelles, and solid lipid nano-
particles (SLNs) for curcumin encapsulation.'®'* Among these, nanostructured lipid carriers (NLCs) have drawn
particular interest, representing a second-generation lipid-based system that incorporates both solid and liquid
lipids.'*'*> This mixed-lipid matrix provides higher drug loading, greater physical stability, and a more flexible release
profile compared to SLNS, offering distinct advantages for curcumin delivery.'® Mechanistically, the incorporation of
liquid lipids into the solid lipid matrix introduces structural imperfections that disrupt the highly ordered crystalline
lattice characteristic of SLNs.!” These imperfections create additional spatial accommodation for curcumin molecules,
reducing drug expulsion during storage and enabling more sustained and predictable release kinetics. Functionally, this
less ordered lipid architecture has been associated with improved gastrointestinal solubilization, enhanced absorption
following lipid digestion, and prolonged systemic exposure, thereby translating the structural advantages of NLCs into
meaningful pharmacokinetic and pharmacodynamic benefits.'®

In addition to these formulation advantages, the lipid-based composition of NLCs offers favorable translational
attributes, including the use of pharmaceutically accepted excipients, scalable manufacturing processes, and a safety
profile that supports their potential progression toward clinical development.'” NLCs not only enhance curcumin’s
pharmacokinetic profile but also expand its therapeutic applications across diverse disease models. Recent studies have
shown that curcumin-loaded NLCs (Cur-NLCs) improve antioxidant defense and anti-inflammatory signaling, inhibit
tumor progression, modulate glucose and lipid metabolism, and promote wound and tissue repair.'*'>>%?! Importantly,
advances in nanofabrication now enable surface modification, ligand conjugation, and stimuli-responsive designs,

providing a versatile platform for targeted or synergistic therapies.?* **
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Despite this progress, the literature on Cur-NLCs remains fragmented, with most reports focusing either on formula-
tion optimization or pharmacological outcomes in isolation.”>** A comprehensive analysis linking formulation archi-
tecture, functional modification, and therapeutic efficacy is still lacking. Moreover, although preclinical data demonstrate
remarkable potential, the translational pathway toward clinical application remains underexplored and requires systema-
tic guidance grounded in formulation—function correlations.

Therefore, this review aims to provide a critical and integrative overview of the design evolution of Cur-NLCs, highlighting
key formulation strategies, functional modifications, and their pharmacological implications. The discussion encompasses the
progression from simple monoloading systems without efficacy testing to complex multifunctional NLCs with proven biological
activity. By bridging formulation science and pharmacological evidence, this review seeks to identify the design principles that
most effectively enhance curcumin’s bioactivity and therapeutic relevance. Unlike previous reviews that primarily focus on either
formulation optimization or isolated pharmacological outcomes, this work uniquely integrates structural design, functional
modifications, and translational considerations. This integrative perspective provides new conceptual insights into how NLC
architecture can be rationally aligned with curcumin’s therapeutic objectives. Ultimately, this synthesis is intended to offer
a forward-looking framework to guide the rational development of clinically translatable NLC systems for curcumin and related
bioactives, aligning nanosystem design with pharmacodynamic needs and translational feasibility.

Design and Formulation of Curcumin-Loaded Nanostructured Lipid
Carriers (Cur-NLCs)

NLC:s represent an advanced generation of lipid-based delivery systems engineered to overcome the solubility, stability, and
bioavailability limitations of curcumin. Their design integrates both solid and liquid lipids within a less-ordered lipid matrix,
enabling higher drug loading, reduced expulsion during storage, and more flexible release profiles. The formulation of Cur-
NLCs involves careful selection of lipids, surfactants, and preparation techniques to achieve optimal particle size, encapsula-
tion efficiency (EE), stability, and biological performance. Figure 1 illustrates the major components constituting a Cur-NLC
system, whereas Table 1 provides representative formulations and outcomes from recent studies.

¢ Solid Lipid:

Surfactant:
o o Soy lecithin (LCT
¢ Soy lecithin (LCT) . Co¥:oa buttef' (CB))
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e Span 80 (Sorb!tan oleate) « Glyceryl monostearate (GMS)
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Figure | Schematic illustration of a curcumin-loaded nanostructured lipid carrier (Cur-NLC). The figure shows the structural organization of Cur-NLCs, consisting of
a solid-liquid lipid matrix encapsulating curcumin and stabilized by surfactants.
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Table | Representative Formulation Compositions, Preparation Techniques, and Key Technological Outcomes of Curcumin-Loaded
Nanostructured Lipid Carriers (Cur-NLCs)

Solid Lipid(s) Liquid Surfactant(s) | Method of Preparation Remarks Ref
Lipid(s)

Soy lecithin Squalene Tween 80 and | Solvent evaporation method TEE (98.5%); |size (40 nm); Tstability; frelease [25]

polyvinyl sustainability (12 days)
alcohol (PVA)

Cocoa butter Medium- Tween 80 High-pressure TPhysicochemical stability (thermal, salt, pH, [27]
chain homogenization centrifugation); Tsupersaturation (1863—-2328%)
triglycerides vs. SLN and nanoemulsion; |particle size with
(MCT) higher MCT ratio (188-220 nm); fbioaccessibility

(79-91%); CB: MCT ratio modulated crystallinity
and sustained digestion-controlled release.

Glyceryl Isopropyl Tween 80, High-shear homogenization 1EE (>95%); |size (153.7 nm, PDI 0.25); [28]

distearate myristate, Span 80 Tphotostability of curcumin (1567%) and
sunflower oil, capsaicin (1600%) due to synergistic effect of
olive oil natural stabilizers (chlorogenic acid, sunflower

oil); — improved antioxidant protection and UV
shielding within lipid matrix.

Glycerol MCT oil Tween 80, Hot high-pressure |Particle size (126.9 nm, PDI 0.246), { —25.9 mV; | [29]

tristearate Span 80 homogenization 1EE (94.5%); tphysicochemical and digestion

stability; MCT promoted fcurcumin
bioaccessibility; stable up to 40 °C, degradation
observed at 65 °C; suitable for functional food
formulations.

Glyceryl behenate | MCT or Tween 20, Hot homogenization |Particle size (192.6 nm, PDI 0.24), 1 EE (94.1%); | [30]
castor oil Tween 80 zero-order release (=25% at 24 h); stable

morphology (TEM: 61-122 nm); MCT-based
NLCs showed better size control and stability
than castor oil systems; non-toxic toward NIH-
3T3 cells.

Glyceryl MCT Ovalbumin Hot homogenization— 1 Curcumin transformation with TMCT; optimal [31]

tristearate (OVA) ultrasonication method bioaccessibility at 20% MCT; fintestinal

absorption (26-39%); uniform spherical NLCs
(~100 nm); negative (-potential (>20 mV), PDI
<0.3.

Precirol ATO 5 Labrafac Tween 80 Hot emulsification followed |Particle size (96.2 nm); 1EE (70.5%); 1skin [32]
M 1944 by probe sonication permeation (3.24-fold); 1skin retention; frelease

sustainability (48 h); non-toxic to HaCaT cells.

Cetyl palmitate Oleic acid Tween 80, PVA | Solvent evaporation method TEE (94%); |size (117 nm); spherical shape; [33]

amorphous curcumin; Trelease sustainability
(65%/12 h); tbrain AUC (~500% vs free Cur);
1stability.

Stearic acid Caprylic/ Tween 80 and | Microemulsion—sonication Particle size (220-231 nm); 1DL (50.2%); high [34]
capric Pluronic FI27 | method stability in SGM (95%); Trelease sustainability
triglycerides (PF127) (41% in 2 h); Higuchi model best fit (R? = 0.995 1.

(Continued)
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Table | (Continued).

Solid Lipid(s) Liquid Surfactant(s) | Method of Preparation Remarks Ref
Lipid(s)

Glyceryl Olive oil Vitamin Hot-melt emulsification Optimized NLCs (size = 66.8 nm, PDI 0.17, EE [35]

behenate, stearoyl E TPGS, followed by ultrasonication 96%) showed ~2.5-fold 1 in transcorneal

polyoxylglycerides Poloxamer permeation vs. control; stable 3 months at 4 °C;
188 no corneal toxicity observed ex vivo.

Glycerol MCT oil Tween 80 High-shear homogenization 1EE (93.3%); |size (282 nm), adequate {-potential | [36]

monostearate (T80) followed by ultrasonication (—22.75 mV); 1stability; frelease sustainability

(GMS) (95% in SIM); Tbioaccessibility (4% vs. free

turmeric).

GMS, Stearic acid | Caprylic/ Solutol HS-15, | Emulsion evaporation— TEE (91.8%); |size (263.9 nm); stable colloid ({ = | [37]
capric Soya lecithin, solidification at low —20 mV); tskin permeation (3.02% vs control).
triglyceride Pluronic FI127 | temperature (Solvent

evaporation method)

Precirol ATO5 Capmul Tween 80, Hot high-pressure Particle size 146.8 nm, PDI 0.18, ZP —21.4 mV, EE | [38]
MCM Soya lecithin homogenization (HPH) 90.86%; spherical/ovoid morphology (SEM);

amorphous drug state (DSC, XRD) — enhanced
drug dispersion; biphasic release (initial burst +
sustained); fex vivo permeation (76.7% in |1 h).

GMS MCT Poloxamer Solvent evaporation (ethanol | Cur-NLCs: particle size 129 + 5.5 nm; { = -27.8 | [39]
(caprylic/ 188, Soy dripping) method mV; EE = 95.98%; drug loading = 4.21%; sustained
capric lecithin in vitro release (=30% after 24 h); 1Cmax
triglycerides) (2.02x); TAUCy—= (2.38x%), tMRT (2.32x);

{Tmax; 11.93% tbrain AUC — enhanced oral
bioavailability and brain penetration.

Notes: 1 denotes an increase, | denotes a decrease, and — denotes a change or transition in the reported values.

Core Components of Cur-NLCs

The structural and functional properties of Cur-NLCs are primarily determined by three essential components: solid
lipids, liquid lipids, and surfactants (Figure 1). Each component contributes to the physicochemical behavior of the
nanocarriers, influencing particle size, EE, crystallinity, stability, and release kinetics. Solid lipids such as glyceryl
distearate, glyceryl monostearate (GMS), glyceryl behenate, stearoyl polyoxylglycerides, cetyl palmitate, and stearic acid
form the rigid portion of the matrix. Their melting points typically range from 45-80 °C, enabling the formation of
a semi-crystalline core. Studies summarized in Table 1 show that the choice of solid lipid significantly affects drug
incorporation and stability. For instance, glyceryl behenate—based NLCs consistently achieved high EE values above

90% and controlled release profiles,**?

whereas stearic acid—based systems demonstrated excellent stability and
predictable release kinetics.*

Liquid lipids are incorporated to create structural imperfections within the solid lipid matrix, improving drug
solubility and preventing drug expulsion during storage. Frequently used examples include medium-chain triglycerides
(MCT), squalene, isopropyl myristate, oleic acid, medium-chain mono- and diglycerides (glyceryl caprylate/caprate), and
natural oils such as sunflower or olive oil. From Table 1, MCT emerges as the most widely used liquid lipid, enhancing
curcumin solubilization, reducing particle size, and increasing bioaccessibility.?* >' Notably, Abdullah et al reported that
increasing the MCT ratio reduced particle size from 220 nm to 188 nm while achieving bioaccessibility values up to
91%.%” Mechanistically, these improvements arise from a combination of complementary processes. Liquid lipids act as
matrix plasticizers, reducing crystallinity and enabling greater curcumin accommodation, while also promoting internal

lipid rearrangement that stabilizes the drug within less ordered domains.*® In parallel, during gastrointestinal digestion,
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the presence of digestible liquid lipids facilitates the formation of mixed micelles and colloidal structures, thereby
enhancing digestion-mediated solubilization and intestinal bioaccessibility.*'

Surfactants stabilize the NLC dispersion by reducing interfacial tension and preventing particle aggregation.
Commonly used surfactants include Tween 80, Tween 20, Span 80, Poloxamer 188, Poloxamer 407, polyvinyl alcohol
(PVA), polyoxyl 15 hydroxystearate, and Vitamin E TPGS. The surfactant system strongly influences particle size, zeta
potential, and EE. For example, Pishnamazi et al achieved exceptionally high EE (98.5%) and very small particle size (40
nm) using a Tween 80-PVA blend.? In another study, Rapalli et al systematically optimized the surfactant composition
and demonstrated that Tween 80 alone yielded the most favorable performance, producing nanoparticles of 96.2 nm with
improved EE (70.5%), enhanced skin permeation (3.24-fold), elevated skin retention, and sustained release over 48 h.>
Beyond colloidal stability, surfactant concentration and composition also play a decisive role in biocompatibility. Non-
ionic surfactants such as Tween derivatives, Poloxamers, and polyoxyl 15 hydroxystearate are generally favored due to
their lower membrane-disruptive potential, whereas excessive surfactant concentrations may compromise cell viability
despite improved dispersion stability. Accordingly, careful optimization of surfactant systems is essential to balance
interfacial stabilization with biological tolerance, particularly for formulations intended for repeated or long-term
administration. This highlights the critical importance of surfactant selection and optimization in tailoring the interfacial
properties and biological performance of Cur-NLCs.

Finally, the loaded drug, either curcumin alone or co-loaded with other therapeutic agents, interacts with the lipid
matrix through hydrophobic, van der Waals, or molecular dispersion mechanisms. Studies in Table 1 consistently show
that curcumin adopts an amorphous or molecularly dispersed state within the lipid matrix, leading to improved solubility
and bioavailability.***® The amorphous state enhances solubility and bioavailability but can also be more prone to
chemical degradation over prolonged storage compared with crystalline curcumin.** Encapsulation within the lipid
matrix, however, provides a protective environment that mitigates hydrolytic or oxidative degradation, helping to

preserve chemical integrity and pharmacological activity over time.*?

Preparation Techniques and Critical Quality Parameters

Multiple fabrication strategies have been employed to develop Cur-NLCs, and each technique inherently shapes the
physicochemical profile, stability, and eventual biological performance of the formulation. As summarized in Table 1,
widely utilized approaches include solvent evaporation, hot homogenization, high-pressure homogenization (HPH),
ultrasonication-assisted methods, microemulsion—sonication, and hot-melt emulsification. Although their operational
principles differ, these techniques share a foundational mechanism involving emulsification of a molten lipid phase in
an aqueous surfactant medium, followed by cooling to induce lipid recrystallization. The choice of technique is therefore
closely tied to scalability requirements, thermal sensitivity of the payload, and the desired particle size, crystallinity, and
release kinetics.

Solvent evaporation remains one of the most frequently adopted approaches in Cur-NLC research due to its
simplicity, reproducibility, and compatibility with thermolabile compounds. In this method, organic solvents facilitate
lipid solubilization and allow curcumin to be molecularly dispersed within the lipid phase prior to emulsification.
Evidence from studies such as Fang et al, Chen et al, and Pishnamazi et al consistently demonstrates the production
of uniform nanoparticles within the 40-260 nm range, coupled with EE typically exceeding 90%.7°*7>° Moreover,
solvent evaporation often yields lipid matrices with lower crystallinity because organic solvent removal disrupts lipid
packing. This structural disorder creates additional void spaces within the lipid core, contributing to higher drug loading
and sustained-release characteristics. However, residual solvent content and limited scalability remain key drawbacks
that restrict its industrial translation.

Hot homogenization and HPH offer clear advantages for large-scale manufacturing, controlled particle engineering,
and regulatory acceptability. These methods rely on intense mechanical forces that reduce droplet size during emulsifica-
tion, leading to NLCs with narrow polydispersity index (PDI) and enhanced physical stability. Studies by Abdullah et al,
Hyun et al, and Madane & Mahajan highlight the robustness of HPH-generated formulations, which consistently display
PDI values <0.25, zeta potentials between —20 and —30 mV, and encapsulation efficiencies above 90%.*"-**-%
Importantly, the intense shear and cavitation forces of HPH promote efficient dispersion of liquid lipids within the
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solid lipid matrix, creating the characteristic “imperfect crystal” structure essential for high curcumin loading. These
advantages make HPH a preferred method for oral, parenteral, and food-grade applications; however, the elevated
processing temperatures may reduce curcumin stability if not carefully controlled. Curcumin degradation has been
reported mainly under prolonged exposure to temperatures above ~90—-100 °C.** Such degradation does not typically
generate acute toxic byproducts but may result in inactive or less potent derivatives, thereby diminishing therapeutic
efficacy. Accordingly, strict control of processing temperature, residence time, and homogenization cycles is critical to
preserve curcumin stability during scale-up.

Hot-melt emulsification followed by ultrasonication serves as a hybrid technique that combines thermal processing
with acoustic cavitation, providing enhanced control over particle size and crystallinity. In this method, ultrasonication
breaks down larger emulsion droplets into nanometer-sized domains, enabling the production of uniform and stable
NLCs even at relatively low surfactant concentrations. Lakhani et al demonstrated that this approach yields particles as
small as ~67 nm with excellent long-term colloidal stability and improved transcorneal permeation, underscoring its
suitability for ocular and topical delivery.®> The reduced crystallinity achieved through rapid cooling and ultrasonic
cavitation also contributes to improved drug encapsulation and modified release kinetics. Nevertheless, challenges such
as heat exposure during the melting phase and potential metal contamination from ultrasonic probes must be considered,
especially for sensitive biological applications.

Across all preparation techniques, several critical quality parameters (CQPs), including particle size and PDI, zeta
potential, EE, drug loading, crystallinity index, and release behavior, must be carefully optimized because they
collectively define a structure—property—performance relationship in Cur-NLC systems. Specifically, lipid matrix archi-
tecture, governed by the solid—liquid lipid ratio, degree of crystallinity, and internal structural disorder, determines key
physicochemical properties such as particle size, EE, and release kinetics, which in turn dictate biological performance,
including stability, bioaccessibility, cellular uptake, and therapeutic efficacy. In the literature, particle sizes generally fall
within the 40-300 nm range, supporting efficient absorption and enhanced tissue distribution.** Encapsulation
efficiencies commonly exceeding 90% demonstrate the strong affinity between curcumin and the lipid matrices typically
employed in NLC systems.?” Drug release profiles vary widely, spanning biphasic patterns characterized by an initial
burst followed by sustained release to more controlled zero-order kinetics, largely influenced by the ratio between solid
and liquid lipids as well as the specific preparation method.*® Notably, increased lipid matrix disorder, such as that
achieved by higher fractions of MCT, has consistently been associated with improved bioaccessibility and enhanced
cellular uptake, underscoring the mechanistic linkage between nanoscale structure, physicochemical properties, and
pharmacological performance.*’

Factors Influencing Cur-NLC Characteristics
As illustrated in Figure 2, the physicochemical properties of Cur-NLCs arise from a complex interplay of formulation
variables and process conditions. Key influential factors include:

Solid-to-Liquid Lipid Ratio

The ratio of solid to liquid lipid dictates the matrix structure and directly affects drug loading, particle size, and release
profile. High liquid lipid content increases matrix imperfections, facilitating higher EE and sustained release. Abdullah
et al and Feng et al both demonstrated that increasing MCT proportions led to smaller particles and enhanced
bioaccessibility.?”*! However, excessively high liquid lipid content can compromise long-term physical stability by
promoting particle aggregation or lipid matrix leakage, highlighting the need to balance matrix imperfection for
bioaccessibility with colloidal and storage stability.>

Type of Lipid

Different solid and liquid lipids exhibit distinct melting characteristics, solubilization capacities, and crystallization
behaviors that directly influence the physicochemical stability and performance of Cur-NLCs. Glyceryl behenate, for
instance, is known to generate highly stable nanoparticles with reduced crystallinity, thereby creating more imperfections
within the lipid matrix that facilitate curcumin encapsulation and controlled release.***> In contrast, GMS—based
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Figure 2 Key formulation and process parameters influencing the physicochemical characteristics of Cur-NLCs. The schematic highlights major formulation and processing
variables that determine particle size, polydispersity, surface charge, encapsulation efficiency, and stability.

formulations have been widely reported to enhance skin permeation and dermal deposition, making them advantageous
for topical delivery systems.?®>"*° Natural oils such as sunflower and olive oil can further contribute functional benefits
by increasing photostability, improving the antioxidant profile of the formulation, and mitigating curcumin degradation
under stress conditions.*®

Surfactant Concentration and Type

Surfactants influence interfacial tension, nanoparticle size, and long-term colloidal stability. Tween 80 remains the most
commonly used surfactant due to its strong emulsifying and stabilizing effect. However, polymeric surfactants such as
Poloxamer 188 or PVA provide steric stabilization, reducing aggregation during storage. Blended surfactant systems (eg,
Tween 80 + PVA) often yield superior outcomes, with 98.5% EE and 40 nm particles.”’

Homogenization Conditions
Process parameters such as homogenization speed, pressure, cycle number, and ultrasonication duration determine
droplet disruption and lipid dispersion. High-shear homogenization followed by ultrasonication typically produces

smaller nanoparticles (~130-280 nm), whereas HPH results in narrower PDI and enhanced stability.?**¢

Drug-Lipid Compatibility
Efficient encapsulation depends on curcumin’s affinity for the lipid matrix. DSC and XRD studies frequently reveal that
curcumin exists in an amorphous form within NLCs, enhancing solubility and release uniformity.”’ Compatibility also
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influences EE values as studies in Table 1 consistently show high EE (90-98%) when curcumin is molecularly dispersed
within lipid matrices.

Comparative Overview of Cur-NLC Systems: Single-Drug, Multi-Drug, and

Modified Nanocarriers

Cur-NLCs have been widely developed across oncology, neurodegenerative disorders, wound healing, metabolic
inflammation, and even functional food applications. Across this landscape, three major formulation strategies have
emerged (single-drug Cur-NLCs, multi-drug co-loaded NLCs, and modified/targeted Cur-NLC systems), each demon-
strating distinctive performance characteristics driven by composition, drug synergism, and surface-engineering
approaches. Below is a comparative overview integrating the outcomes, mechanistic enhancements, and application-
specific advantages of these three formulation types.

Conventional Curcumin-Only NLCs

Conventional curcumin-only NLCs remain the foundational design strategy for improving curcumin delivery, providing
consistent physicochemical performance and broad therapeutic applicability. As outlined in Table 2, these systems rely
on a binary lipid matrix in which solid lipids (eg, glyceryl behenate, GMS, stearic acid, glyceryl tristearate) are partially
blended with liquid lipids such as MCT, oleic acid, caprylic/capric triglycerides, or other lipidic solvents. This imperfect

Table 2 Pharmacological Applications and Therapeutic Outcomes of Cur-NLCs

Pharmacological | NLC-Curcumin Dose Study Setting Outcome Results Ref
Condition

Antioxidant 2 mg/mL In vitro digestion and TAntioxidant bioactivity after digestion [14]
bioactivity antioxidant (Caco-2 cells) ({MDA; 1SOD; 1CAT); |immediate DPPH

scavenging vs free curcumin due to

diffusion limits but fbioactivity after

digestion.
Inflammation 1.575 mg/mL of the Cur-NLC In vitro (L132 fibroblast-like TIL-10 (+43%); | TNF-o (~—97%); |IL-6 (~— | [15]
disorders epithelial cells) 88%); Tantioxidant activity (~60% DPPH

scavenging, comparable to Vit C); |MMP-2/
9 (~80% reduction); |intracellular ROS;
Tcytoskeletal preservation under oxidative
stress; Tcell adhesion and density;
restoration of actin fibers; protection
against H,O,-induced damage.

Pressure ulcers 0.98-250 puM (in vitro); topical In vitro (HaCaT 1TWound healing: complete wound closure | [52]
application (in vivo) keratinocytes); In vivo (skin at 48 h (0.98-15.21 uM); 1cell migration vs
irritation in rats) free Cur; No irritation in rats (0-72 h).
Skin regeneration, 25, 50, 75 mg Cur-NLCs (in vitro In vitro (antioxidant (DPPH tAntioxidant activity (8.5% curcumin, 18% [21]
wound healing, and | antioxidant and antimicrobial assay), antimicrobial) and In ascorbic acid); Tantimicrobial effect
antimicrobial assays); Cur-NLCs in carbopol gel vivo (full-thickness skin wound | (inhibitory zone diameter 1: eg, E. coli
activity (in vivo rabbit wounds) model in rabbits) 11—24 mm; MIC | ~50%); Twound closure

(Day 7: 60.39% vs 51.62% curcumin,
31.85% control; Day 14: 93.73% vs 88.91%;
Day 21: complete closure); ffibroblast
proliferation; fgranulation tissue;

linflammation.

(Continued)
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Table 2 (Continued).

Pharmacological | NLC-Curcumin Dose Study Setting Outcome Results Ref
Condition
Topical 1-20 uM curcumin in NLCs In vitro (ABTS assay) tAntioxidant activity (up to 7-fold vs free [53]
dermatology (0.05-1.10 g/L NLC) curcumin; a-TEAC: curcumin = 0.47; NLC-
before size exclusion chromatography
(SEC) = 1.90; NLC-after SEC = 3.31); |cell
metabolic activity for free curcumin 25 pM,
but Cur-NLC = safer.
Depression & 40 mg/kg Cur-NLC (i.p) daily for 7 | In vivo (Lipopolysaccharide- 1Struggling time (FST: 95.3 s; TST: 123.3 s); | [26]
anxiety days Sprague Dawley rats) limmobility (FST: 87.9 s; TST: 56.7 s);
ttime and entries in light box/open arms
(anxiolytic); |p-NF-xB; | TNF-o; |COX-2;
Tsurviving neurons (cortex and
hippocampus); Ttissue architecture
integrity; improved neuroprotection vs
curcumin dispersion.
Hepatocellular 5,10, 20 uM In vitro (HepG2 cells) 1DR5 total and membrane expression [54]
carcinoma (dose-dependent); no change in DR4;
Tcaspase-8 and caspase-3 activation;
apoptosis 1 significantly; apoptosis blocked
by Z-VAD-FMK — confirms extrinsic DR5/
caspase-8/-3 pathway; no change in
caspase- | 0.
Hepatocellular 2.5-30 mg/L Cur-NLC (in vitro) In vitro (HepG2 cells) 1Apoptosis (+5.48% at 2.5 mg/L; +23.83% | [55]
carcinoma at 10 mg/L vs free Cur); tgrowth inhibition
(up to 71.72%); 1Cs reduced (ICsp
9.33 mg/L (Cur-NLC) vs 15.27 mg/L (free
Cur) — 1.64% more potent); |VEGF
secretion; |VEGFR-2 expression (minimal
effect on VEGFR-1).
Alzheimer’s disease | 4 mg/kg/day Cur—NLC (i.v) for 4 In vivo (rat AD model) IMDA; |ROS; |ADP/ATP ratio; fthiol [56]
days levels; |AB plaques; 1Nissl-positive
neuronal survival; fspatial memory
(improved escape latency and target time);
Ineuronal necrosis and vacuolization
Breast cancer Cur-NLC 20-0.15 pg/mL In vitro (dark and light/PDT) 1Cytotoxicity: PE3 (ICso 0.29 pg/mL dark; | [20]
0.15 pg/mL light) vs GE3 (0.883/0.864 pg/
mL) and free curcumin (7.254/6.99 pg/mL);
1PDT effect: significant for PE3 (p=0.022);
tapoptosis/ROS due to PDT; fovercoming
MDR via glyceryl monooleate (P-gp
inhibition).
Lung 1.25-20 mg/L In vitro (A549 cells) 11Cs0 (5.66 mg/L vs 9.81 mg/L; 1.73% more | [57]
adenocarcinoma potent); Tapoptosis (eg, 19.61% vs 15.67%
at 1.25 mg/L); 1dose-dependent
cytotoxicity.
(Continued)
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Table 2 (Continued).

Pharmacological | NLC-Curcumin Dose Study Setting Outcome Results Ref
Condition

Brain cancer (A172 | 150 mg/kg (i.p. mice); 20 pg/mL In vitro (A172 cells) and In 1Tumor inhibition (82.3% vs 19.5%); |ICso | [58]
glioblastoma) (in vitro) vivo (nude mice bearing (/4 of free curcumin); TROS generation;

human lung cancer xenografts) | tapoptosis (24.7%); effective brain/tumor

targeting.
CNS epigenetic 100 mg/kg i.p. In vivo (male CDI mice) |H4K 2 acetylation; no motor toxicity: [59]
modulation Rotarod performance unchanged vs

control (all mice reached 300 s).

Notes: 1 denotes an increase, | denotes a decrease, and — denotes a change or transition in the reported values.

crystalline structure enhances molecular disorder, increases the number of accommodation sites for curcumin, and
supports high EE (often exceeding 90%), which is a clear advantage over more crystalline SLNS.

Across the included studies, conventional Cur-NLCs exhibit highly reproducible physicochemical attributes. Particle
sizes consistently fall within the nanoscale range (typically 50-250 nm) with low PDI values (<0.3), indicating
homogeneous dispersions suitable for oral, topical, and parenteral use. Zeta potentials usually remain moderately
negative (—20 to —35 mV), contributing to colloidal stability without excessive surfactant concentrations. These attributes
collectively support favorable stability under storage, dilution, physiological salt conditions, and temperature fluctua-
tions, enabling robust translational potential.

Functionally, curcumin-only NLCs demonstrate remarkable bioactivity enhancements across diverse pharmacological
models. In antioxidant studies, Sun et al showed that although immediate DPPH scavenging was lower than free
curcumin due to diffusion constraints, digested NLCs produced markedly superior antioxidant effects in Caco-2 cells
(eg. reduced MDA and increased SOD and CAT activity), indicating improved bioaccessibility following lipid
digestion.'* Calderon-Jacinto et al also reported up to seven-fold higher ABTS scavenging and greater a-TEAC values
for Cur-NLCs compared with free curcumin, while preserving cell viability at concentrations where free curcumin caused
metabolic suppression.” Similarly, Elkhateeb et al demonstrated amplified antioxidant capacity (up to 18x higher than
ascorbic acid) in parallel with strong antimicrobial activity and enhanced wound healing in vivo.?!

Anti-inflammatory benefits are also well documented. Romera et al showed that Cur-NLCs significantly upregulated IL-10
and downregulated TNF-o and IL-6 (up to ~97% inhibition) while reducing intracellular ROS, preserving cytoskeletal
integrity, and improving cell adhesion in L132 epithelial cells.'> These findings highlight the ability of NLCs to stabilize
curcumin and amplify its intracellular actions. The wound-healing utility of Cur-NLCs is reinforced by Shamsuddin et al, who
observed accelerated keratinocyte migration and complete wound closure within 48 h at low micromolar concentrations, with
no irritation upon topical administration in rats.>? Elkhateeb et al further demonstrated improved fibroblast proliferation,
granulation tissue formation, reduced inflammation, and faster wound contraction in rabbit full-thickness wound models.?!

Potent antitumor activity is consistently observed across hepatocellular carcinoma, lung cancer, breast cancer, and brain
tumor models. Wang et al found that Cur-NLCs enhanced DR5-mediated apoptosis, lowered ICsq values (1.6—1.7x more potent
than free curcumin), and suppressed VEGF/VEGFR-2 expression.”*”> Chen et al reported 82.3% tumor inhibition in vivo with
elevated ROS generation and apoptosis in brain cancer models.”® Kamel et al demonstrated major improvements under
photodynamic therapy conditions, with ICs, values drastically lower than free curcumin and evidence of P-gp modulation.*’
Additional efficacy against A549 lung carcinoma was shown by Wang et al, who reported lower ICs, and enhanced apoptosis.>’

Neuroprotective benefits also emerge notably in CNS-related models. Malvajerd et al demonstrated reductions in
MDA, ROS, and ADP/ATP ratio, increased neuronal survival, reduced AP plaque deposition, and improved spatial
memory in an Alzheimer’s disease rat model.’® Puglia et al provided early evidence of curcumin-NLCs modulating
epigenetic markers (eg, reduced H4K12 acetylation) without motor impairment, reinforcing their neurological safety
profile.® Rubab et al showed robust antidepressant and anxiolytic effects in LPS-challenged rats, including improved
behavior (FST, TST, light-dark box), decreased inflammatory markers (TNF-a, COX-2, NF-kB), and enhanced neuronal

International Journal of Nanomedicine 2026:21 hetps: 11



Nurohman et al

survival.?® Collectively, their consistent antioxidant, anti-inflammatory, wound-healing, anticancer, and neuroprotective
effects across in vitro and in vivo studies demonstrate that this “first-generation” NLC platform remains a robust
benchmark for next-generation innovations, including combination-loaded and surface-engineered NLC systems.

Combination-Loaded Cur-NLCs

Combination-loaded Cur-NLCs represent the second major generation of NLCs, strategically engineered to exploit
synergistic interactions between curcumin and other bioactive molecules. While conventional NLCs primarily improve
curcumin’s solubility, stability, and cellular uptake, co-loaded systems extend this functionality by enabling multi-target
modulation, particularly in conditions where single-agent therapy is insufficient. As summarized in Table 3, combination-
loaded NLCs have been applied across a broad therapeutic spectrum, including chemoresistant cancers, chronic wounds,

Table 3 Therapeutic Performance of Cur-NLCs Co-Delivered with Other Bioactive Compounds

Pharmacological | NLC- Study Setting Outcome Results Ref
Condition Curcumin
Dose
Skin rejuvenation Curcumin + In vitro (HaCaT keratinocytes, Combination exhibited fantioxidant activity (DPPH [60]
Epigallocatechin | hyaluronidase inhibition, collagenase 118.83%; FRAP 217.25%; lipid peroxidation inhibition
gallate (EGCG) inhibition, and elastase inhibition) 106.08%); ftotal phenolic content (218.83%);
Tsynergistic effects on SIRT| activation (114.8%) while
reducing curcumin cytotoxicity (ICso = 17.97 uM vs
9.05 uM for curcumin alone). NLCs-in-emulgel system
showed finhibition of collagenase (43.7%) and elastase
(51.8%) compared to curcumin alone.
Chemoresistant Curcumin + In vitro (MCF7, MCF7/ADR cells) and | In vitro: DTX: curcumin (1:3 w/w) combination in P/ [61]
breast cancer Docetaxel in vivo (OVCAR3 xenograft mice) R-NLC showed strongest synergism (Cl = 0.286 in
(DTX) MCF7; 0.130 in MCF7/ADR); Tapoptosis (1.3—1.5% vs
single drug); 1subGq cell-cycle arrest; |ICso values
(~59.8 ng/mL DTX-equiv and 179 ng/mL curcumin-
equivalent). In vivo: tumor volume | 1.7-fold vs DTX-
Sol; TGI = 41%; no toxicity observed.
Oxidative stress Curcumin + In vitro (antioxidant ABTS assay) TAntioxidant activity (ABTS inhibition 75.7% for LO— [62]
Phenylalaninol PO-CRC > 69.4% AO-PO-CRC > native CRC =
oleamide (PO) 61-64%).
Diabetic wound Curcumin + In vitro (NIH 3T3 fibroblasts, HaCaT | In vitro: ffibroblast/keratinocyte proliferation and [63]
Epidermal keratinocytes); in vivo migration without cytotoxicity. In vivo: Twound closure
Growth Factor (streptozotocin-induced diabetic rats) | (42.1 £ 10.8% by day 3); | half-healing time (4.26 days vs
(EGF) 8.02 days control); 1 SOD, CAT, GPx activities, and
antioxidant defense.
Non-Small Cell Curcumin + In vitro (NCI-H460 cells) 1Synergism at DTX: curcumin = 1:2 (Cl = 0.32, DRI = | [64]
Lung Carcinoma Docetaxel 3.4); Tcytotoxicity on NCI-H460 cells vs. DT alone (p <
(NSCLC) (DTX) 0.05).
Non-Hodgkin Curcumin + In vitro (Jurkat and Ramos cell lines) 1Synergistic cytotoxicity in Ramos (CD20") and Jurkat | [23]
Lymphoma Imatinib (CD20") lymphoma cells; |ICsq values versus single-
drug NLCs or free drugs (eg, curcumin 8.3—1.9 pg/mL;
Ima [1.1-2.3 pg/mL).
Prostate cancer Curcumin + In vitro (PC3 cells) 1Cell growth inhibition (50% with co-loaded NLC vs [65]
Genistein 35% with free combination) — synergistic anticancer
effect.

Notes: 1 denotes an increase, | denotes a decrease, and — denotes a change or transition in the reported values.
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metabolic dysfunction, oxidative stress, skin rejuvenation, and hematologic malignancies, demonstrating the versatility of
this dual-delivery approach.

Formulation-wise, co-loaded systems present unique challenges, as the lipid matrix must simultaneously encapsulate
two compounds with potentially contrasting physicochemical characteristics. The studies in Table 3 demonstrate that
successful co-loading hinges on careful optimization of solid-liquid lipid ratios, surfactant systems, and processing
parameters to maintain high entrapment efficiency for both actives. Remarkably, several formulations achieve >80-90%
EE despite the increased molecular complexity. For example, Prathumwon et al successfully integrated curcumin with
epigallocatechin gallate (EGCG) into a stable NLC-in-emulgel system, preserving strong antioxidant activity and
reducing curcumin cytotoxicity.®® Similar formulation efficiency was observed in co-loaded curcumin—docetaxel systems
by Kim et al and Rawal et al, curcumin—imatinib NLCs developed by Varshosaz et al, and curcumin—genistein
formulations reported by Aditya et al, all demonstrating robust physicochemical outcomes suitable for high-potency
biomedical applications.*¢!:646

The biological enhancements driven by co-loading are particularly pronounced in antioxidant and anti-aging
applications. In a comprehensive analysis by Prathumwon et al, curcumin-EGCG NLCs exhibited substantially elevated
antioxidant capacity, including DPPH (118.83%), FRAP (217.25%), and lipid peroxidation inhibition ( 106.08%).°° The
formulation also increased total phenolic content and significantly activated SIRT1 (114.8%), amplifying cellular anti-
aging pathways. Importantly, EGCG co-loading reduced curcumin cytotoxicity (ICsq = 17.97 uM vs. 9.05 uM for
curcumin alone), demonstrating a favorable therapeutic index. When incorporated into an emulgel matrix, the system
achieved stronger inhibition of collagenase and elastase than curcumin alone, highlighting its potential in skin rejuvena-
tion and dermal protection.

Synergy is equally compelling in oncology-focused combination-loaded NLCs. Kim et al reported that curcumin—
docetaxel co-loaded NLCs induced robust synergism in breast cancer cells, including chemoresistant MCF7/ADR lines.®!
The optimized 1:3 docetaxel: curcumin ratio produced exceptionally low combination index (CI) values (0.286 in MCF7,
0.130 in MCF7/ADR), accompanied by enhanced apoptosis, increased subGO cell-cycle arrest, and markedly reduced
ICsq values for both drugs. In vivo, these NLCs suppressed tumor growth by 41% and reduced tumor volume 1.7-fold
versus docetaxel solution without inducing toxicity. Rawal et al similarly demonstrated strong synergism (CI = 0.32) in
NCI-H460 NSCLC cells, with curcumin augmenting docetaxel cytotoxicity and improving dose-reduction indices.®*
Varshosaz et al extended these findings to hematologic malignancies, showing that curcumin—imatinib NLCs dramati-
cally lowered ICso values in both Ramos and Jurkat lymphoma cells, indicating enhanced intracellular delivery and
cooperative cytotoxicity.>> Earlier work by Aditya et al also validated synergistic anticancer activity of curcumin—
genistein NLCs in PC3 prostate cancer cells, achieving 50% growth inhibition compared with only 35% from the free-
drug combination.®®

Beyond oncology, combination-loaded NLCs demonstrate major therapeutic advantages in wound healing and
oxidative stress modulation. Lee et al showed that co-loading curcumin with epidermal growth factor (EGF) enhanced
fibroblast and keratinocyte proliferation without cytotoxicity, significantly accelerating wound closure in diabetic rats.®®
The co-loaded NLCs reduced half-healing time from 8.02 days (control) to just 4.26 days while simultaneously
upregulating endogenous antioxidant enzymes (SOD, CAT, GPx), confirming dual benefits in tissue regeneration and
oxidative stress control. Coc et al contributed additional evidence by demonstrating that curcumin—phenylalaninol
oleamide NLCs enhanced ABTS radical scavenging activity compared to native curcumin, supporting their role in
redox modulation.®?

Combination-loaded Cur-NLCs represent a purposeful and clinically meaningful advancement of NLC technology.
By co-delivering curcumin with structurally or mechanistically complementary agents, including EGCG, docetaxel,
phenylalaninol oleamide, EGF, imatinib, and genistein, these systems consistently achieve superior therapeutic perfor-
mance across molecular, cellular, and in vivo models. Their synergy-driven enhancements in antioxidant capacity, anti-
inflammatory signaling, wound repair, and anticancer efficacy position combination-loaded NLCs as a transformative

platform for next-generation, multi-target nanomedicine applications.
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Surface-Modified and Functionally Engineered Cur-NLCs

The third and most technologically advanced category of Cur-NLCs consists of surface-modified and functionally

engineered systems designed to overcome biological, physiological, and tissue-specific barriers that limit the perfor-

mance of conventional NLCs. As summarized in Table 4, these formulations employ strategies such as ligand conjuga-

tion, peptide or glycoside modification, magnetic functionalization, antibody-mediated targeting, and bioactive

phytochemical coatings (Figure 3), each engineered to impart specialized properties including targeted delivery,

improved penetration, enhanced bioavailability, programmed release, or superior therapeutic response.

Table 4 Surface-Modified and Functionally Engineered Cur-NLCs: Design Rationales and Enhanced Biological Functionalities

carcinoma

(GA)-PEG-DSPE
surface modification

ability and cellular uptake of
curcumin via GA receptor-
mediated endocytosis

cells)

vs Cur-NLC and Cur-solution;
11Cs from 42.3 — 2.9 pg/mL
(24 h)

Pharmacological | Modification Aim of Modification Study Outcome Results Ref

Condition Setting(s)

Topical Dipeptide-| (acetyl- To enhance skin retention, In vivo (xylene- tAnti-inflammatory (5.5% vs [66]

inflammation and L-tyrosyl-L-arginine follicular accumulation, and anti- | induced ear curcumin solution); fanalgesic

pain hexadecyl ester)- inflammatory/analgesic efficacy edema in mice) response; no irritation observed.
modified NLC (Cur— of curcumin through peptide-

DP-NLCs) mediated skin interaction

Hepatotoxicity Mannose— To enable asialoglycoprotein In vivo (CCl,4- |Serum ALT (—63%); |AST [24]
stearylamine receptor-mediated hepatocyte induced Wistar (=75%); MDA (—61.7%); 1SOD
(N-octadecyl- targeting and enhance rats) (%7); 1GSH (%8); | TNF-a
mannopyranosylamine, | hepatoprotective efficacy of (~76%) vs CCl4 control.

NODM) surface curcumin
conjugation

Mitochondrial Magnetic NLC (Cur- To enable dual-triggered, In vitro (isolated GSH, MDA, and FRAP levels [22]

toxicity Mag-NLC) — Fe304 magnetically guided and rat liver unchanged vs control; magnetic
nanoparticles temperature-sensitive release of | mitochondria) property confirmed (Ms = 22.2
incorporated into curcumin while ensuring emu/g); suitable for
NLC mitochondrial safety thermomagnetic-triggered

curcumin delivery.

Non-Hodgkin Rituximab-targeted To enhance cytotoxicity and In vitro (Jurkat 11Cs0: curcumin (5.2 — 1.4 pg/ [23]

lymphoma co-delivery of cellular uptake of curcumin and | CD20- and mL), imatinib (4.3 — 1.4 pg/mL);
curcumin and imatinib | imatinib by targeting CD20 + Ramos CD20+ Teytotoxicity 5.5-fold vs single
via NLCs lymphoma cells through cell lines) drugs; tuptake in CD20+ cells;

rituximab conjugation |effect in CD20- cells.

Colon cancer Ginsenoside-modified | To enhance cellular uptake, In vitro (HCT116, | 1Cell uptake (2.0% in HCT116, [67]
NLC delivering cytotoxicity, and oral HT29 cell lines) I.4x in HT29); fcytotoxicity (|
curcumin bioavailability of curcumin and clinical (10 cell viability to ~10.8% at 20 pg/

through surface modification metastatic colon mL curcumin); in patients, oral

with ginsenoside cancer patients) G-NLC (100 mg curcumin BID x
12 weeks) achieved plasma
curcumin 2.9-4.97 ng/mL; well
tolerated with no adverse effects
and improved bioavailability vs
pure curcumin.

Hepatocellular Glycyrrhetinic acid To enhance tumor-targeting In vitro (HepG2 1Cellular uptake and cytotoxicity | [68]

Notes: 1 denotes an increase, | denotes a decrease, and — denotes a change or transition in the reported values.
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Figure 3 Schematic overview of functionalized Cur-NLC systems designed for enhanced performance. This figure illustrates representative surface modification strategies
applied to Cur-NLCs, including ligand conjugation (e.g, rituximab, dipeptide-l, mannose), bioactive decoration (e.g, ginsenoside, glycyrrhetinic acid), and magnetic
functionalization. These modifications are designed to enhance targeting specificity, cellular uptake, and therapeutic performance across different biological contexts.

A growing body of research shows that even subtle surface modifications can profoundly reshape the biodistribution
and tissue interaction of Cur-NLCs. For example, Yuan et al developed a dipeptide-modified system (Cur—DP—NLCs) for
topical anti-inflammatory therapy.°® The peptide (acetyl-L-tyrosyl-L-arginine hexadecyl ester) increased skin affinity,
follicular accumulation, and retention, resulting in 5.5-fold stronger anti-inflammatory activity compared with curcumin
solution in a mouse ear-edema model, without causing irritation. This highlights how peptide-mediated interactions
enable superior dermal deposition and localized pharmacological action.

Targeted delivery via receptor—ligand interaction represents another powerful approach. Gupta et al conjugated
mannose—stearylamine (NODM) to the NLC surface to exploit the asialoglycoprotein receptor on hepatocytes.** In
a CCly-induced hepatotoxicity model, these mannose-targeted NLCs markedly improved hepatoprotection, producing
large reductions in serum ALT/AST and oxidative stress markers, alongside dramatic increases in SOD and GSH levels.
Such receptor-directed systems demonstrate how surface modifications can direct curcumin to specific organs, substan-
tially improving therapeutic response.

Functionally engineered nanocarriers can also incorporate inorganic elements for external manipulation or on-demand
release. Yoozbashi et al embedded Fe;04 nanoparticles to create magnetic NLCs (Cur-Mag-NLC), enabling magnetically
guided positioning and thermally responsive release, while maintaining mitochondrial safety.”” The formulation pre-
served mitochondrial GSH, MDA, and FRAP levels comparable to untreated controls, confirming suitability for
thermomagnetic-triggered curcumin delivery in conditions involving mitochondrial dysfunction.

Some of the most specific targeting outcomes arise from surface functionalization using biological ligands such as
antibodies and glycosides. For instance, Varshosaz et al conjugated rituximab onto curcumin—imatinib NLCs to target
CD20" lymphoma cells, achieving substantially increased cellular uptake and a 5.5-fold enhancement in cytotoxicity
compared with the free drugs.”® Uptake Selectivity was clearly demonstrated by strong activity in CD20" Ramos cells
but minimal improvement in CD20" Jurkat cells, underscoring the precision achievable with antibody-decorated NLCs.

Phytochemical-based ligand engineering is another emerging direction. Vijayakumar et al modified Cur-NLCs with
ginsenosides to enhance oral bioavailability and anticancer efficacy.®’ The system significantly increased cellular uptake
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(2.0x in HCT116; 1.4x in HT29), decreased cell viability to ~10% at 20 pg/mL, and exhibited promising translational
potential in a small clinical cohort of metastatic colon cancer patients, where oral administration of ginsenoside-NLCs
resulted in measurable plasma curcumin levels (2.9-4.97 ng/mL) and a favorable safety profile.

Earlier foundational work such as Chu et al introduced GA-PEG-DSPE-modified NLCs to exploit glycyrrhetinic acid
receptor-mediated uptake in hepatocellular carcinoma cells.®® This surface-engineered system sharply enhanced intra-
cellular delivery of curcumin and reduced the ICso from 42.3 to 2.9 pug/mL, illustrating that even simple ligand anchoring
can dramatically amplify the potency of Cur-NLCs. It is important to note that the density of surface ligands can critically
influence biodistribution, target tissue retention, and systemic clearance, with higher densities generally enhancing uptake
but potentially increasing opsonization and immune recognition.®® Careful optimization of ligand presentation is there-
fore essential to maximize therapeutic efficacy while minimizing immunogenic risks, which is a key consideration for
translational development. Overall, the studies demonstrate that surface-engineered Cur-NLCs represent the “third
generation” of nano-enabled delivery systems. These platforms are no longer dependent solely on passive diffusion or
enhanced permeability and retention (EPR) effects, but instead integrating active targeting, environment-responsive
control, biomimetic interaction, or externally guided release. These advanced architectures offer superior pharmacolo-
gical performance across diverse disease models, marking them as promising candidates for future translational and
clinical development.

Mechanistic Insight: How NLC Enhances Curcumin Efficacy

Curcumin’s inherent biopharmaceutical challenges, including poor aqueous solubility, rapid hydrolytic breakdown,
instability in physiological pH, and extensive first-pass metabolism, have long restricted its therapeutic translation.
NLCs offer a design-driven solution that addresses these barriers through a combination of nanoscale engineering,
biophysical stabilization, membrane-interaction enhancement, and targeted delivery functionalities. These mechanisms
do not act in isolation; instead, they operate as an integrated continuum that reshapes curcumin’s absorption, distribution,
cellular internalization, and overall pharmacodynamic performance. The interplay among these processes is summarized
conceptually in Figure 4, highlighting how different NLC architectures support oral and parenteral administration routes.
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Oral Delivery loaded les/
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Figure 4 Proposed mechanistic pathways through which Cur-NLCs enhance pharmacological efficacy. The schematic depicts oral and parenteral delivery routes of Cur-
NLCs and highlights key mechanisms contributing to improved efficacy, including particle size reduction, protection of curcumin from degradation, increased bioavailability,
and targeted drug delivery. Native and modified Cur-NLCs are contrasted to illustrate how functionalization enables site-specific delivery and controlled release at target
tissues.
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Particle Size-Mediated Enhancement of Absorption and Cellular Internalization
Reducing curcumin into nano-sized lipid carriers fundamentally alters its interaction with biological interfaces. NLCs
typically falling between 40 and 300 nm increase the effective surface area available for dissolution and epithelial
interaction.*® At these dimensions, the particles engage directly with mucus networks, enabling deeper penetration
through mucin mesh pores, particularly when the lipid composition minimizes mucoadhesion.”””" This improved transit
through the mucus layer ensures that the nanoparticles reach the apical membrane of enterocytes at higher local
concentrations, a key prerequisite for efficient uptake during oral delivery.””

Once at the epithelial surface, nanoparticles can exploit multiple endocytic pathways unavailable to raw curcumin.
Numerous studies demonstrate that particles in the 80—150 nm range preferentially enter via clathrin-mediated endocy-
tosis, while smaller and more flexible particles can utilize caveolae-mediated transport or micropinocytosis.”> "> The
presence of liquid lipids lowers matrix rigidity, allowing smoother deformation during membrane wrapping, thus
facilitating energy-favorable internalization.”® Additionally, NLCs can transiently modulate tight junction integrity
through surfactant-induced membrane fluidization, modestly enhancing paracellular permeability without compromising
barrier function.”®

Beyond the intestine, the size of NLCs also determines systemic distribution patterns and immune clearance rates.
Nanoparticles below ~200 nm evade rapid opsonization and exhibit prolonged circulation, especially when sterically
stabilized or surface modified. This increases the likelihood of interacting with disease-targeted tissues.”””’® For
parenteral formulations, size optimization is essential for maximizing tumor accumulation via the EPR effect in solid
tumors.”® Together, these size-mediated interactions provide a cornerstone mechanism through which NLCs increase
curcumin’s biological access and therapeutic exposure.

Drug Protection Through Lipid Matrix Stabilization and Biochemical Shielding

Curcumin is highly susceptible to hydrolysis, photodegradation, and oxidative breakdown, with degradation occurring
within minutes under physiological pH.*® Encapsulation within NLCs creates a hydrophobic sanctuary that isolates
curcumin molecules from aqueous phases and enzymatic attack.?'®' The imperfect crystalline structure produced by
mixing solid and liquid lipids forms molecular cavities in which curcumin can reside with strong hydrophobic and van
der Waals interactions.*®** This architectural trait is unique to NLCs and contributes to their superior EE and stability
compared to SLN.

The protective effect extends beyond simple physical shielding. The lipid matrix also reduces curcumin’s conforma-
tional mobility, thereby slowing its degradation kinetics and preventing trans—cis isomerization.**"** Moreover, encapsu-
lation minimizes curcumin’s exposure to intestinal esterases and reductases, preserving its parent form during
gastrointestinal transit.** This mechanism is particularly important because free curcumin undergoes extensive biotrans-
formation to glucuronides and sulfates before reaching systemic circulation.®®

Additionally, the lipid matrix modulates microenvironmental pH around the encapsulated drug. Certain lipid composi-
tions, especially those containing free fatty acids or phospholipid derivatives, can create slightly acidic microdomains that
further suppress curcumin hydrolysis.*® Some NLC formulations incorporate antioxidants such as tocopherols or propolis-
derived components, enhancing resistance to oxidative degradation.®” ™ Collectively, these protective mechanisms extend
curcumin’s half-life and ensure that a significantly larger proportion of the drug reaches target tissues intact.

Increased Bioavailability via Enhanced Solubilization, Controlled Release, and
Lymphatic Transport

NLCs not only protect curcumin but also enhance its bioavailability through multiple solubilization-related mechanisms.
The lipid constituents promote spontaneous emulsification and micelle interaction during digestion, creating a dynamic
colloidal milieu that supports curcumin solubilization.”® Liquid lipids such as MCTs are digested rapidly by pancreatic
lipases, generating monoglycerides and fatty acids that integrate into mixed micelles.”' These micellar systems are the
principal vectors for transporting hydrophobic molecules across the intestinal epithelium.”® As shown in oral absorption
stages in Figure 4, micelle-facilitated diffusion dramatically improves curcumin’s bioaccessibility.
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Controlled release is an additional contributor to enhanced absorption. The combination of burst and sustained-release
phases ensures that curcumin remains available at the absorption interface for an extended duration.*”*® This synchro-
nization between release kinetics and intestinal transit time maximizes uptake efficiency. Formulations with higher liquid
lipid content tend to exhibit more sustained release profiles due to reduced crystallinity and enhanced molecular
mobility.%® In contrast, more ordered matrices provide tighter drug retention, suitable for applications requiring prolonged
systemic exposure.’”

Another vital but often under-discussed mechanism is lymphatic transport. Long-chain lipids in NLCs stimulate
chylomicron formation, which facilitates drug transport through the lymphatic system instead of the portal vein.'®® This
route bypasses hepatic first-pass metabolism and can increase the systemic availability of curcumin several-fold. Evidence
suggests that Cur-NLCs enriched with long-chain triglycerides or phospholipids show disproportionately higher AUC values
due to this effect.>' Thus, the combined influence of improved solubilization, optimized release kinetics, and lymphatic
uptake positions NLCs as one of the most effective platforms to enhance curcumin bioavailability.

Targeted Delivery and Enhanced Pharmacodynamic Activity

For parenteral administration, NLCs can be engineered with targeting ligands that dramatically improve site-specific drug
accumulation. Surface modifications such as PEG, folic acid, hyaluronic acid, transferrin, lactoferrin, or peptides enable
receptor-specific internalization into cancer cells, macrophages, or inflamed tissues.®'°*?*"%° These targeting strategies
increase delivery precision and may potentially reduce off-target exposure, suggesting the possibility of lower systemic
toxicity; however, comprehensive toxicological and immunological evaluations are still limited.

Once internalized, NLCs enhance curcumin’s intracellular fate. The lipid shell facilitates endosomal escape through
membrane fusion or proton sponge-like mechanisms, ensuring that curcumin reaches the cytosol, where most of its anti-
inflammatory and anticancer targets reside.'*>'°! Encapsulation also protects curcumin from rapid intracellular conjuga-
tion by glutathione or UDP-glucuronosyltransferases, thereby extending its active residence time.'**® Furthermore,
NLCs enhance accumulation within mitochondria or lysosomes depending on surface chemistry, enabling targeted
modulation of oxidative stress and apoptosis pathways.'?%!%?

At the pharmacodynamic level, these improvements translate into more potent inhibition of NF-«kB activation,
stronger suppression of pro-inflammatory cytokines, enhanced mitochondrial depolarization in cancer cells, and
improved ROS scavenging activity.'® Studies consistently show that, on a per-dose basis, curcumin delivered via
NLCs demonstrates stronger efficacy than free curcumin, both in vitro and in vivo.***** When combined with targeting
modifications, these effects amplify further, enabling curcumin to function as a multitarget therapeutic with significantly

enhanced potency.>*°¢

Current Challenges and Future Perspectives

Despite significant advances in Cur-NLCs, several scientific, technological, and translational challenges remain unre-
solved. These limitations hinder the progression of NLC systems from laboratory prototypes to clinically deployable
formulations. Understanding these bottlenecks is essential not only for improving current designs but also for shaping
next-generation NLC technologies that deliver reproducible, scalable, and therapeutically impactful outcomes.

Challenges in Formulation Design, Reproducibility, and Scalability
One of the most persistent barriers is the inherent complexity of designing lipid matrices that reliably encapsulate
curcumin while providing stability, controlled release, and high bioaccessibility. Although NLCs leverage imperfect lipid
crystallinity to enhance loading, this same structural heterogeneity introduces batch-to-batch variability, particularly
when scaling up from laboratory to pilot or industrial production.'® Even minor deviations in lipid purity, surfactant
concentration, cooling rate, or homogenization pressure can significantly alter particle size distribution, polymorphic
transitions, and drug entrapment behavior.'® These inconsistencies complicate reproducibility, an essential criterion for
regulatory approval.

To improve inter-study consistency and facilitate scale-up, implementing rigorous process-control strategies, such as
real-time monitoring of temperature, homogenization pressure, and cooling rate, alongside standardized lipid and
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surfactant quality specifications can be effective. Additionally, integrating process analytical technology (PAT) tools and
robust formulation design principles, including optimized solid-to-liquid lipid ratios and surfactant systems, may help
achieve reproducible particle characteristics and maintain functional performance during larger-scale production.'®” From
a translational perspective, consideration of regulatory guidelines, pharmaceutically acceptable excipients, and adherence
to GMP-compliant manufacturing protocols is critical. Lessons from clinically approved lipid-based nanocarriers (eg,
liposomal doxorubicin, SMEDDS formulations) can inform NLC development strategies, highlighting practical pathways
for regulatory approval and clinical translation.'%®'%

Scalability presents another significant challenge. Techniques frequently used at laboratory scale, such as probe
ultrasonication or ethanol injection, are difficult to translate into industrial processes due to heat generation, contamina-
tion risks, energy inefficiency, or residual solvent concerns.''® HPH is more scalable, but maintaining uniform particle

distribution and preventing aggregation during continuous processing can be difficult.'"!

Moreover, lipid—drug interac-
tions may change under large-scale conditions, leading to unexpected instability or suboptimal release kinetics.''* These
technical constraints highlight the need for robust process-analytical technologies and standardized manufacturing
protocols tailored specifically for NLC systems.

A related challenge concerns long-term physical stability. Cur-NLCs are prone to Ostwald ripening, polymorphic
transitions, and particle aggregation, especially at elevated temperatures or during storage under fluctuating
humidity."*'"® These instabilities can lead to drug expulsion, changes in release profiles, and reduced bioactivity.
Although surfactant optimization and solid—liquid lipid ratio adjustments can mitigate these issues, achieving multi-

year stability suitable for commercial pharmaceutical products remains a major hurdle.

Biological and Pharmacokinetic Limitations

While NLCs markedly improve curcumin’s solubility and bioavailability, biological barriers to optimal therapeutic action
remain. For oral delivery, factors such as mucus composition, gastrointestinal motility, pH variability, and digestive
enzyme activity influence nanoparticle fate.'* Inter-individual differences, driven by diet, microbiota, metabolic status, or
disease conditions, can further complicate absorption and systemic distribution. As heavily illustrated in Figure 4, NLCs
can enhance epithelial uptake, but their performance may decline in pathological states characterized by dysregulated
mucus secretion, compromised barrier function, or altered lipoprotein metabolism.

Another barrier concerns curcumin’s rapid systemic clearance. Even when delivered via parenteral or targeted NLCs,
curcumin can undergo swift metabolic conversion by hepatic enzymes or intracellular conjugation, limiting its ther-
apeutic exposure time.'*''* Although matrix encapsulation improves stability, it does not fully prevent metabolic
deactivation once curcumin is released into circulation. Furthermore, the biodistribution of NLCs remains suboptimal
for certain tissues, particularly those protected by stringent biological barriers such as the blood-brain barrier (BBB).>®
Only a subset of modified NLCs, typically PEGylated or ligand-conjugated, have demonstrated appreciable BBB
penetration, and even these results remain inconsistent across studies.®'

Immunological interactions also warrant attention. Depending on their size, surface chemistry, and lipid composition,
NLCs may trigger complement activation, phagocytic uptake, or inflammatory responses that reduce circulation time and
limit target accumulation.''” Surface modifications like PEGylation can mitigate immune clearance but may introduce
issues such as accelerated blood clearance (ABC) upon repeated dosing. Collectively, these biological complexities
underscore the need for more predictive models, robust biodistribution studies, and deeper exploration of NLC—host
interactions.

In addition, several methodological gaps remain evident across the current Cur-NLC literature. Most studies lack
comprehensive in vivo biodistribution and safety assessments of the nanocarriers themselves, with limited reporting on
organ accumulation, long-term toxicity, or immunological consequences following repeated administration. Moreover,
therapeutic efficacy is frequently benchmarked against free curcumin alone, without direct head-to-head comparisons to
other established nanocarrier platforms such as liposomes, polymeric micelles, or nanoemulsions. This is a notable
limitation, as alternative systems may offer distinct advantages, including superior colloidal stability (polymeric
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micelles), well-established clinical translation pathways (liposomes),''” or simpler manufacturing profiles

(nanoemulsions)."'® Without comparative evaluation, it remains difficult to determine whether the reported benefits are
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specific to NLC architecture or reflect general nanoscale delivery effects. Future studies incorporating comparative
nanocarrier controls, alongside systematic biodistribution and safety profiling, are therefore essential to more clearly
position Cur-NLCs within the broader nanomedicine landscape.

Limitations in Mechanistic Understanding and Standardized Evaluation

Although mechanistic frameworks have been proposed (Figure 4), our current understanding remains incomplete. Most
studies rely on in vitro assays or short-term in vivo models that may not fully capture the nuances of nanoparticle—tissue
interactions, intracellular trafficking, or metabolic pathways. For example, the role of lymphatic transport in curcumin
absorption, while frequently cited, is insufficiently quantified, and key determinants such as triglyceride chain length,
micelle dynamics, and chylomicron formation remain poorly characterized.''>'?® Similarly, mechanisms underlying
NLC-mediated modulation of intracellular antioxidant pathways, mitochondrial targeting, or lysosomal escape require
deeper molecular interrogation.

Moreover, the field lacks standardized evaluation frameworks. Differences in experimental design, such as lipid
compositions, surfactant systems, pH conditions, analytical techniques, and release media, limit cross-study comparisons.
EE, particle stability, release kinetics, and pharmacokinetic parameters are measured using vastly different protocols.”>!
Without harmonized methodologies, establishing universal structure—function relationships or generating translationally
relevant evidence becomes challenging. Future work must therefore integrate standardized analytical pipelines, validated
in vitro—in vivo correlation (IVIVC) systems, and advanced imaging or omics-based profiling to elucidate nanoparticle
behavior with higher resolution.

Future Directions and Emerging Opportunities

Future progress in Cur-NLCs will hinge on innovations that address the limitations above while leveraging new scientific
insights and technological tools. One promising direction involves next-generation lipid engineering, including hybrid
matrices incorporating phospholipids, sphingolipids, or responsive lipids capable of pH-, enzyme-, or temperature-
triggered structural transformations.'?' These dynamic matrices may enable on-demand curcumin release, deeper tissue
penetration, and improved stability under physiological stress.

Despite encouraging pharmacodynamic outcomes, an important limitation across several in vivo studies is the
frequent use of healthy animal models, which may not fully recapitulate the altered biological barriers present under
pathological conditions. Disease-associated changes in tissue architecture, inflammation, vascular permeability, and
enzymatic activity, such as those observed in diabetic wounds, inflammatory bowel disease, or tumor microenvironments,
can substantially influence nanoparticle penetration, release behavior, and therapeutic response.'?? Therefore, future
studies should prioritize disease-relevant models, including diabetic wound models, colitis-associated colon cancer, or
inflammation-driven tumor systems, to more accurately assess the translational performance of Cur-NLCs under
clinically relevant conditions.

Another major opportunity lies in precision and personalized nanomedicine. With growing recognition of inter-
individual variability in absorption, metabolism, and disease phenotypes, customizable NLC formulations tailored to
patient-specific characteristics could outperform one-size-fits-all designs.'*® Integration with machine learning and
artificial intelligence may further accelerate this trajectory by predicting optimal lipid ratios, surface chemistries, and
biological performance based on vast formulation datasets.'**

Targeted delivery systems will also continue to evolve. Ligand-conjugated NLCs that recognize tumor antigens,
inflammatory markers, or cell-specific receptors could significantly improve therapeutic index while minimizing systemic
exposure. For chronic conditions such as neurodegeneration, metabolic syndrome, and chronic inflammation, modified
NLCs engineered for BBB penetration, lymphatic targeting, or macrophage-specific uptake offer particularly compelling
potential.'*®

Beyond these established indications, Cur-NLCs are increasingly being explored in emerging therapeutic areas where
curcumin’s pleiotropic activity and lipid-based delivery offer distinct advantages. In neurodegenerative disorders beyond
Alzheimer’s disease, Cur-NLCs show promise in Parkinson’s disease and ischemic stroke models, where enhanced BBB
penetration and mitochondrial protection may mitigate neuroinflammation and oxidative injury.'*® In cardiovascular
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diseases, NLC-mediated curcumin delivery has potential for targeting atherosclerotic plaques, suppressing vascular
inflammation, and stabilizing endothelial function.'*® Intestinal diseases represent another compelling frontier, as Cur-
NLCs can be engineered for local delivery, mucus interaction, and epithelial repair in inflammatory bowel disease,
enabling high local exposure with minimal systemic burden.'>’ Moreover, emerging evidence suggests that Cur-NLCs
may complement combination immunotherapy strategies, either by modulating the tumor immune microenvironment or
serving as immune-sensitizing adjuvants alongside immune checkpoint inhibitors.'*® Collectively, these directions
highlight the versatility of Cur-NLCs as adaptable platforms extending well beyond traditional application domains.

Finally, advancing Cur-NLCs toward clinical translation will require well-designed toxicology studies, regulatory
alignment, and pharmaceutical-grade manufacturing strategies. Given the biocompatibility of lipid-based systems and
their compatibility with GRAS excipients, NLCs are well positioned to progress into clinical trials once barriers to
scalability and reproducibility are addressed. With continued refinement, Cur-NLCs stand poised to transition from
experimental nanocarriers into clinically relevant therapeutic platforms.

Conclusion

Cur-NLCs have emerged as a robust and versatile platform capable of addressing long-standing biopharmaceutical
challenges associated with curcumin. By integrating solid and liquid lipids into a flexible nanoscale matrix, NLCs
markedly enhance curcumin’s solubility, protect it from chemical degradation, and improve its absorption and intracel-
lular delivery. These structural and functional advantages translate into more pronounced pharmacological effects,
including superior antioxidant, anti-inflammatory, antimicrobial, and regenerative activities across diverse therapeutic
contexts. Although substantial progress has been made in optimizing formulation strategies and elucidating key
mechanistic pathways, several critical gaps remain. Current studies vary widely in lipid composition, preparation
methods, and characterization parameters, limiting comparability and hindering translational advancement. Moreover,
long-term safety, large-scale manufacturability, and rigorous clinical performance remain insufficiently explored. Recent
advances in surface-modified, ligand-targeted, magnetic, and phytochemical-engineered Cur-NLCs mark the emergence
of a third generation of nanoarchitectures that provide superior targeting precision, improved tissue penetration, and
stimuli-responsive release, which far exceed the capabilities of conventional systems. Early clinical findings with
ginsenoside-modified NLCs further underscore the translational promise of these engineered platforms. Future develop-
ment should therefore prioritize rational surface engineering, biological targeting strategies, and systematic preclinical-to-
clinical evaluation to accelerate the transition of curcumin-loaded NLCs from experimental constructs to clinically viable
therapeutic technologies.
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