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Abstract

Atopic dermatitis (AD) is a chronic inflammatory
dermatosis in which epidermal-barrier failure, type-
2 immune activation, microbial dysbiosis and
oxidative stress interact to sustain pruritus and
recurrent lesions. Curcumin is attractive for topical
AD therapy because of its pleiotropic anti-
inflammatory and antioxidant actions, but poor
aqueous solubility, chemical instability and limited
skin delivery restrict conventional formulations.
Nanostructured lipid carriers (NLCs) can improve
curcumin solubilization, protect the payload,
prolong release and enhance cutaneous deposition.
Recent AD research has also moved toward
antioxidant and reactive oxygen species (ROS)-
modulating hydrogels, creating an opportunity to
integrate lipid nanocarriers with disease-responsive
polymer networks. This critical review evaluates the
biological rationale for targeting ROS in AD,
curcumin  pharmacology, NLC design and
manufacturing, NLC-hydrogel integration, stimuli-
responsive chemistry, Quality-by-Design (QbD),
characterization, skin permeation and retention,
mechanistic and pharmacodynamic evaluation, and
translational considerations. A focused literature
search was wused to prioritize peer-reviewed
evidence on AD, curcumin, dermal lipid
nanocarriers, NLC-hydrogel systems and ROS-
responsive biomaterials, with particular attention to
2020-2026 developments. The available evidence
supports NLCs as effective skin-retentive carriers
and supports redox-oriented hydrogels as emerging
AD platforms; however, direct evidence for a
curcumin-NLC incorporated into a quantitatively
validated ROS-responsive hydrogel for AD remains
limited. Future studies should demonstrate stimulus-
dependent performance against non-responsive
controls, quantify layer-specific skin deposition,
connect formulation behavior with oxidative and
inflammatory biomarkers, and address scalability,
stability and dermal safety.

Keywords: atopic  dermatitis;  curcumin;
nanostructured  lipid carrier; ROS-responsive
hydrogel; oxidative stress; dermal drug delivery;
skin retention; nanomedicine; Quality by Design.

I. Introduction

Atopic dermatitis (AD) is a heterogeneous
chronic inflammatory skin disease characterized by
pruritus, xerosis, recurrent eczematous lesions and
impaired epidermal-barrier function [1-6]. Genetic
susceptibility,  filaggrin  deficiency,  altered
epidermal lipids, type-2 immune signaling,
environmental exposures and microbial dysbiosis
interact across the disease course [2—8]. The global
burden is substantial and extends beyond visible
lesions to sleep disturbance, psychosocial
impairment and healthcare utilization [9].

Topical therapy remains fundamental even
as systemic biologics and small molecules expand
the therapeutic landscape [1,10,11]. Yet the stratum
corneum is a formidable delivery barrier, and AD
skin is spatially and temporally heterogeneous. A
rational topical system should therefore maximize
drug localization in relevant skin layers rather than
simply maximize transdermal flux [12—15].

Oxidative stress is increasingly recognized
as an amplifier of AD. Excess ROS can damage
cellular lipids and proteins, activate inflammatory
pathways and further impair epidermal homeostasis
[16—18]. This creates a pharmaceutical opportunity:
a topical material can be designed not only to carry
a drug, but also to respond to or modulate a
pathological microenvironment.

Curcumin is a lipophilic polyphenol with
antioxidant, anti-inflammatory and
immunomodulatory  properties  [19-24].  Its
translation is constrained by low aqueous solubility,
instability and limited conventional delivery
[20,21,24]. NLCs are particularly suitable for
lipophilic payloads because their mixed solid—liquid
lipid matrix can improve loading, reduce drug
expulsion and provide controlled release [25-31].
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Curcumin-NLC  studies have  demonstrated
prolonged release and enhanced cutaneous
deposition [32,33].

The central premise of this review is that
combining curcumin-loaded NLCs with a validated
ROS-responsive  hydrogel could unite three
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Figure 1. Conceptual pathway for integrating curcumin-loaded NLCs with a ROS-responsive hydrogel

II.  Literature Search Strategy

This article was prepared as a critical
narrative review rather than a systematic review or
meta-analysis. Searches were conducted using
combinations of the terms “atopic dermatitis”,
“curcumin”, “nanostructured lipid carrier”, “NLC”,
“topical drug delivery”, “skin  retention”,
“hydrogel”, “reactive oxygen species”, “ROS-
responsive”,  “stimuli-responsive”,  “oxidative
stress”, “Quality by Design”, and “dermal
nanocarrier”. Priority was given to peer-reviewed
original articles, authoritative reviews and
clinical/guideline literature directly relevant to AD
biology or topical formulation science. Recent
publications from 2020-2026 were emphasized for
emerging technologies, while seminal older studies
were retained where necessary to establish NLC,
hydrogel and AD concepts. Articles with weak
relevance to dermal delivery, duplicate reports or
insufficient methodological information were not
used as core evidence.

Because this is a narrative review, the
search was used to support a mechanistic and
formulation-focused synthesis rather than to
estimate pooled treatment effects. The manuscript
therefore does not claim PRISMA compliance. This
distinction is important for journal submission
because systematic reviews and meta-analyses
require a different reporting structure.

III.  Atopic Dermatitis as a Drug-Delivery

Problem
3.1 Barrier dysfunction
Filaggrin  defects, altered ceramide

organization and inflammatory suppression of
barrier proteins increase transepidermal water loss
and facilitate penetration of allergens and irritants
[3,5-8]. These changes can increase permeability in
active lesions, but they do not make delivery
predictable. Lesional severity, anatomical site,
hydration and prior therapy can all influence drug
partitioning.
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3.2 Immune dysregulation and pruritus

Type-2 cytokines, especially IL-4 and IL-13, are
central to AD and also impair epidermal
differentiation [1-6]. IL-31 contributes to pruritus,
while chronic disease can recruit additional Thl,
Th17 and Th22 responses. Pharmaceutical
evaluation should therefore extend beyond lesion
appearance to mechanistic endpoints such as
cytokines, barrier proteins and histopathology.

3.3 Microbial dysbiosis

AD flares are associated with reduced microbial
diversity and frequent Staphylococcus aureus
dominance [7,8]. Topical systems should avoid
unnecessary irritation or excipient-related barrier
damage, and multifunctional materials that combine
anti-inflammatory, antioxidant and antimicrobial
effects may be advantageous.

3.4 Oxidative stress

Clinical and experimental evidence links AD with
increased oxidative damage and altered antioxidant
defense [16-18]. However, ROS concentrations
vary by model and disease state. Consequently, a
ROS-responsive formulation should be tested across
a justified concentration range and should
demonstrate a response threshold relevant to the
intended biological environment.

IV.  Curcumin: Mechanistic Rationale and
Delivery Limitations

Curcumin can influence NF-kB-related
inflammatory signaling, cyclooxygenase pathways,
cytokine production and Nrf2-associated antioxidant
defense [19-24]. These pleiotropic actions are
attractive in a disease in which inflammatory and
oxidative mechanisms reinforce one another.

The same physicochemical features that
make curcumin compatible with lipid matrices
complicate conventional aqueous formulation.
Curcumin is poorly water soluble and chemically
labile under several conditions [20,21,24]. For
topical AD therapy, the goal is not high systemic
bioavailability; it is reproducible local concentration
in the epidermis and superficial dermis with
minimal unnecessary systemic passage.

Nanoformulation strategies reported for
cutaneous curcumin include liposomes, solid lipid
nanoparticles, NLCs, nanoemulsions and polymeric
carriers [22-24,32,33]. Among these, NLCs offer a
strong balance between lipid compatibility, loading
capacity, manufacturing familiarity and dermal
retention.

V. Nanostructured Lipid Carriers for
Dermal Delivery
5.1 Architecture and advantages
NLCs combine solid and liquid lipids to produce a
less ordered matrix than conventional solid lipid
nanoparticles [25-31]. The resulting imperfections
can increase drug accommodation and reduce
expulsion during storage. Their lipid composition
may also increase occlusion and hydration of the
stratum corneum, thereby altering drug partitioning
into skin [12,25,29].
5.2 Formulation components
Solid lipids may include glyceryl behenate, glyceryl
palmitostearate or glyceryl monostearate, while
liquid lipids commonly include medium-chain
triglycerides or other skin-compatible oils [25-31].
Surfactant selection affects particle size, PDI,
physical stability, release and skin interaction.
Excipient selection for AD must additionally
consider  irritation  potential and  barrier
compatibility.
5.3 Manufacturing
Hot homogenization/ultrasonication, high-pressure
homogenization, microemulsion methods, solvent
emulsification and solvent-injection approaches
have all been used for NLC production [27,30,39—
41]. For doctoral development, the chosen method
should be justified not only by laboratory particle
size but also by reproducibility, solvent burden,
thermal exposure and scale-up feasibility.
5.4 Evidence for curcumin and AD
Rapalli et al. reported curcumin-loaded NLCs with a
mean particle size of approximately 96 nm,
extended release up to 48 h and markedly improved
ex-vivo skin permeation/retention compared with
free-curcumin gel [32]. Curcuminoid-loaded NLCs
have also shown formulation-dependent release,
skin penetration, stability and antioxidant behavior
[33]. In AD specifically, recent studies have
demonstrated NLC feasibility with cyclosporine,
tacrolimus and bioactive lipid systems [42—45].

VI. NLC-Hydrogel Hybrid Systems
NLC dispersions are often too fluid for convenient
topical residence. Incorporating them into a
hydrogel can improve spreadability, application
accuracy and contact time while preserving
nanocarrier-mediated  delivery = [46—49]. The
hydrogel can also become a functional component
rather than a passive vehicle if it is engineered to
respond to a disease-associated trigger.

The formulation challenge is to avoid destabilizing
the NLC during gel formation. Polymer
concentration, ionic strength, pH adjustment and
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crosslinking conditions can alter nanoparticle
aggregation or drug partitioning. Characterization
should therefore be performed both before and after
incorporation into the gel.

7. ROS-Responsive Hydrogels

7.1 What constitutes true responsiveness?
Stimuli-responsive hydrogels undergo measurable
changes in swelling, degradation, crosslink density,
rheology or drug release when exposed to a defined
trigger [34-38]. ROS-responsive systems may use
oxidation-sensitive bonds or ROS-scavenging
groups. Candidate chemistries include thioketal,
boronic ester, thioether and selenium-containing
motifs, although not all are equally suitable for
inflamed skin.

7.2 Evidence in atopic dermatitis

Redox-oriented hydrogel strategies have already
shown relevance to AD. Therapeutic hydrogel

patches designed to regulate oxidative stress have
demonstrated  proof-of-concept, and  newer
multifunctional hydrogels target ROS-related
inflammation together with microbial or allergen-
related components [50-52]. These studies support
ROS as a rational design variable but do not
eliminate the need to define physiologically
meaningful trigger conditions.

7.3 Synergy and confounding with curcumin

A ROS-responsive curcumin system may provide
both material-level and drug-level antioxidant
effects. This is potentially synergistic but
experimentally confounding. At minimum, studies
should include blank responsive hydrogel, non-
responsive NLC hydrogel, free-curcumin gel and
curcumin-NLC responsive hydrogel controls so that
polymer-mediated ROS scavenging can be separated

from curcumin pharmacology.

8. A Proposed Development Framework for Curcumin-NLC/ROS-Responsive Hydrogel

Development Key variables Critical outputs Decision criterion
stage
Preformulation Curcumin solubility; lipid Drug assay; DSC/FTIR; Select stable, skin-
miscibility; compatibility lipid screening compatible lipid
system
NLC Solid:liquid lipid; surfactant; | Size; PDI; zeta potential; Robust nanoscale
optimization homogenization/sonication EE; loading dispersion with high
drug association
Hydrogel design | Polymer; ROS-sensitive pH; rheology; swelling; gel | Topically usable and
chemistry; crosslink density | integrity reproducibly
responsive
Hybridization NLC:gel ratio; mixing Particle stability after gel No unacceptable
conditions incorporation aggregation or drug
loss
Responsiveness ROS level; exposure time Release/swelling/rheology + | Statistically and
ROS mechanistically
meaningful stimulus
effect
Skin delivery Dose; contact time; skin Flux; epidermal/dermal High local deposition
model retention without excessive
systemic passage
Mechanistic Cell/model selection ROS; cytokines; barrier Biological effect
biology markers linked to formulation
mechanism
Translation Stability; scale-up; Batch reproducibility; shelf | Manufacturable, stable
packaging stability and safe product
concept
Table 1. Proposed stage-gated development framework for a curcumin-loaded NLC/ROS-responsive
hydrogel.
9. Quality-by-Design and Risk-Based energy and hydrogel crosslinking interact to
Optimization determine product performance [31,53,54]. A
QbD is well suited to this platform because lipid quality target product profile should define topical
composition, surfactant concentration, process route, intended local action, semisolid dosage form,
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controlled/disease-responsive release, skin-
compatible pH, physical stability and acceptable

application properties.

Potential factor Likely impact

Representative response

Solid:liquid lipid ratio
release

Matrix order, loading,

EE%, drug loading, release

Surfactant concentration

Interfacial stabilization

Particle size, PDI

Sonication/homogenization

Droplet disruption

Size, PDI, temperature stress

Polymer concentration Gel structure

Viscosity, spreadability, release

compatibility

ROS-sensitive crosslink Trigger threshold Swelling/degradation/release + ROS
density
pH/neutralization Gel formation and skin pH, viscosity, stability

Table 2. Examples of critical material attributes/process parameters and associated responses.

10. Characterization:

Domain Tests Why it matters Common weakness
Colloidal DLS size/PDI; zeta Dispersion quality and Reporting size without
potential stability distribution
Drug association Entrapment efficiency; Payload performance No mass-balance check
loading
Solid state DSC; XRD; FTIR Crystallinity/compatibility Overinterpreting FTIR
shifts
Morphology TEM/SEM Particle shape/aggregation Images without
scale/replicates
Semisolid pH; rheology; Topical usability Single-point viscosity
spreadability; texture only
Stimulus response | Swelling; degradation; Proves smart behavior No non-responsive
rheology; release £ ROS control

Release Validated diffusion Release mechanism Equating membrane
method; kinetics release with skin delivery

Skin Franz cells; retention; Local targeting Only cumulative
tape stripping permeation

Biology Viability; ROS; Mechanistic efficacy/safety | No blank-carrier control
cytokines; barrier
proteins

Stability Physical + chemical Translation Short observation without
stability assay

Table 3. Recommended characterization package and common interpretive weaknesses.

11. Skin Permeation, Retention and Mechanistic
Evaluation

Franz diffusion studies should distinguish release
from membrane transport and should use a skin
model appropriate to the research question. For a
locally acting AD formulation, skin retention is
often more informative than receptor-phase
accumulation. Tape stripping or sequential
epidermal/dermal extraction can provide layer-
specific deposition data [12,14,15,32].

Release kinetics may be fitted to zero-order, first-
order, Higuchi or Korsmeyer—Peppas models, but

model selection should not be based solely on the
highest R?. The mechanistic interpretation should be
consistent with hydrogel swelling, erosion and NLC
release behavior.

Cellular and pharmacodynamic studies should be
aligned with the proposed mechanism. Potential
endpoints include intracellular ROS, NF-kB-related
signaling, IL-4/IL-13-associated responses, TNF-a,
IL-6, filaggrin, loricrin and cytotoxicity. In vivo
models may add lesion scoring, ear/skin thickness,
transepidermal water loss, histology, mast cells, IgE,
cytokines and oxidative-stress markers [42,50-52].
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12. Recent Evidence Landscape

Year Platform Payload/strategy Major contribution Ref.
2020 NLC gel Curcumin Extended release and enhanced [32]
ex-vivo skin deposition
2020 NLC Curcuminoids Linked lipid/surfactant selection [33]
to release, penetration and
antioxidant activity
2021 Nanoparticle Budesonide Hydrogel-nanoparticle approach | [49]
hydrogel for AD-oriented percutaneous
delivery
2022 NLC dermal gel Cyclosporine Topical NLC evaluation for AD [42]
2022 Hydrogel patch Oxidative-stress Demonstrated redox-oriented AD | [50]
regulation treatment concept

2024 Multifunctional
hydrogel

ROS/inflammation +
biological triggers

Expanded disease-responsive [51]
hydrogel concept

2025 NLC gel Pliek oil Box—Behnken optimization and [43]
AD pharmacodynamic evaluation
2025 NLC film-forming Tacrolimus Improved topical NLC delivery [44]
system for AD
2025 Review NLCs in AD Identified stimuli-responsive [45]
NLCs as an emerging direction
2026 Liposomal hydrogel | Curcumin + piperine | Direct curcumin hydrogel [55]

evidence in AD

Table 4. Representative evidence defining the current research space.

13. Critical Research Gaps

e Direct evidence for curcumin-loaded NLCs
embedded in a quantitatively validated ROS-
responsive hydrogel specifically for AD is still
limited.

e  Many 'smart' topical systems do not report a
stimulus threshold or compare stimulus-present
and stimulus-absent conditions using matched
controls.

e Layer-specific skin deposition is underreported
relative to total permeation, even though local
retention is central to AD therapy.

e Responsive polymer degradation products and
crosslinking chemistries require explicit dermal
safety evaluation.

e  Animal models do not fully reproduce human
AD heterogeneity; translation requires human-
relevant skin and mechanistic validation.

e Formulation complexity can undermine scale-
up, reproducibility, packaging compatibility and
regulatory characterization.

e Head-to-head comparisons with clinically
relevant topical standards are needed to show
therapeutic value beyond nanotechnology
novelty.

14. Translational, Regulatory and
Manufacturing Considerations

A clinically credible platform must balance
sophistication with manufacturability. High-pressure
homogenization and related NLC processes have
clearer scale-up pathways than highly bespoke
laboratory methods [27,39-41]. The hydrogel
component should use excipients with a defensible
dermal safety profile, and the final product should
be evaluated for batch reproducibility, microbial
quality, packaging interactions and chemical
stability of curcumin.

Regulatory development would require a clear
description of nanoparticle critical quality attributes,
semisolid  performance, impurities/degradation
products and the function of the responsive material.
For a combination of nanocarrier and responsive
hydrogel, the mechanism of release should be
sufficiently characterized to support product
specifications.

15. Future Perspectives

The most persuasive next-generation study
will not be the formulation with the greatest number
of components. It will be the simplest system that
demonstrates a reproducible disease-relevant
response and a measurable therapeutic advantage.
For curcumin-NLC/ROS-responsive  hydrogels,
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future work should define ROS thresholds, use
responsive and  non-responsive  comparators,
quantify layer-specific deposition, connect release
behavior with redox/inflammatory biomarkers, and
evaluate long-term dermal compatibility.

QbD and mechanistic modeling can reduce
empirical trial-and-error, while machine learning
may become useful when standardized formulation
datasets are sufficiently large. Human-relevant
reconstructed skin, ex-vivo diseased skin and
advanced imaging may help bridge the gap between
conventional animal models and clinical translation.

16. Conclusions

Curcumin is pharmacologically well
matched to the inflammatory and oxidative biology
of AD but requires an enabling delivery system.
NLCs address solubility, stability and skin-retention
challenges, while ROS-responsive hydrogels
provide a route toward disease-adaptive release and
local redox modulation. The literature now contains
strong adjacent evidence—curcumin-NLC skin
delivery, NLCs for AD, antioxidant/ROS-oriented
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