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Abstract: Inflammation is a key pathophysiological process underlying a broad spectrum of chronic disorders, including rheumatoid
arthritis, osteoarthritis, inflammatory bowel disease, neurodegenerative diseases, and metabolic syndrome, and is closely linked to
oxidative stress, immune dysregulation, and sustained production of pro-inflammatory mediators. Curcumin, a bioactive polyphenol
derived from Curcuma longa, has been extensively studied because of its pleiotropic anti-inflammatory mechanisms, however, its
therapeutic translation is substantially limited by poor aqueous solubility, chemical instability, rapid metabolism, and low systemic
bioavailability. In this context, lipid-based nanocarriers, notably liposomes, solid lipid nanoparticles, nanostructured lipid carriers,
phytosomes, ethosomes, niosomes, nanoemulsions, self-nano-emulsifying drug delivery systems (SNEDDS), transfersomes, lipid
nanocapsules, lipid micelles, spanlastic, and cubesomes, have emerged as promising formulation strategies to improve curcumin
delivery. These platforms can enhance the solubility, stability, absorption, and pharmacokinetic performance of curcumin and, in
selected cases, facilitate more efficient accumulation at inflamed sites. This review critically appraises recent advances in lipid-based
nanocarrier systems for curcumin delivery in inflammatory diseases and addresses the principal formulation, translational, and clinical
challenges that remain to be resolved.
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Introduction

Inflammatory conditions have emerged as significant global health issues, affecting millions of people worldwide and
playing a critical role in illness and death rates. Chronic systemic inflammation is implicated in leading causes of death,
including cardiovascular disease, cancer, diabetes, chronic kidney disease, and neurodegenerative disorders, which
together account for more than 50% of global mortality.' In addition, immune-mediated inflammatory diseases
(IMIDs), such as asthma, atopic dermatitis, inflammatory bowel disease, multiple sclerosis, psoriasis, and rheumatoid
arthritis, contribute significantly to global disability-adjusted life years (DALYs), with notable regional variations in
incidence and disease burden.”® Specific inflammatory conditions further illustrate this growing burden. For instance,
inflammatory bowel disease affects approximately 3.8—4.9 million people worldwide, with the highest prevalence in
high-income regions such as North America and Europe, while rapidly increasing in newly industrialized areas.”?
Rheumatoid arthritis affects an estimated 17.8 million individuals globally and is projected to reach 31.7 million by 2050,
with disability accounting for the majority of its burden.* Moreover, periodontal disease, a chronic inflammatory
condition, affects over one billion people worldwide and has been associated with systemic complications, including
cardiovascular disease, diabetes, adverse pregnancy outcomes, and neurodegenerative disorders.’
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Inflammation is a crucial protective mechanism that protects the body from infections, tissue injury, and other harmful
factors. Although acute inflammation is vital for repairing and healing tissues, when it becomes chronic, it is closely
linked to the onset of numerous health problems, such as heart diseases, metabolic diseases, neurodegenerative illnesses,
and autoimmune diseases.® Several factors can lead to this state of inflammation, including aging, smoking, poor diet,
obesity, stress, hormonal imbalances, and disrupted sleep patterns. The process of Aging is associated with a decline in
immune function, which hampers the body’s ability to eliminate pathogens and fosters a pro-inflammatory environment,
whereas mitochondrial dysfunction leads to an increase in reactive oxygen species production (ROS).” Cigarette smoke
contains numerous harmful chemicals and reactive oxygen species that can damage airway cells and initiate inflamma-
tory pathways.® Unhealthy eating habits, especially diets high in saturated fats and refined sugars, but low in fiber, disrupt
the gut microbiota, resulting in increased intestinal permeability and toxin release. This can trigger immune responses
and increase the levels of pro-inflammatory cytokines.” Psychological stress activates the hypothalamic-pituitary-adrenal
axis and the sympathetic nervous system, leading to overproduction of cortisol and catecholamines. This imbalance
fosters glucocorticoid resistance and promotes the release of pro-inflammatory cytokines such as IL-6, TNF-a, and IL-1p,
which maintain chronic inflammation.'® Additionally, lifestyle-related factors, such as obesity, exacerbate long-term
inflammation by creating an imbalance in adipokines and activating immune cells, eventually leading to insulin
resistance and metabolic diseases.''

Given the significant role of inflammation in the development of these diseases, anti-inflammatory medications have
attracted considerable interest.'> Among the natural substances, curcumin, the main active ingredient in Curcuma longa,
has demonstrated extensive therapeutic promise because of its ability to reduce inflammation by influencing several
molecular targets and signaling pathways. Curcumin inhibits the activation of NF-xB, lowers the levels of pro-
inflammatory cytokines, such as TNF-q, IL-1p, and IL-6, and hampers the production of cyclooxygenase-2 (COX-2)
and inducible nitric oxide synthase (INOS). Through these actions, curcumin can significantly reduce inflammation."?
Despite its wide-ranging therapeutic capabilities, curcumin encounters significant challenges, such as limited solubility in
water, instability in chemical composition, rapid metabolism in the intestines and liver, and low systemic availability,
even at high dosages.'*

To overcome these challenges, various formulation techniques have been investigated, with lipid-based nanocarriers
being one of the most promising methods.'> To clarify the scope of this review, we have specifically focused on selected
inflammatory disease settings in which curcumin-loaded lipid based-nanocarriers have been investigated: inflammatory
skin disorders, joint inflammation, pulmonary inflammation, neuroinflammatory conditions, gastrointestinal inflamma-
tion, and liver fibrosis. The discussion primarily emphasizes preclinical evidence, particularly in vitro and in vivo studies,
while clinical findings are considered only when available, as the translational evidence for these systems remains
limited. Lipid-based carriers, including liposomes, solid lipid nanoparticles, nanostructured lipid carriers, phytosomes,
and ethosomes, were chosen as the main analytical lens because they are particularly well suited to address the major
biopharmaceutical limitations of curcumin, such as poor aqueous solubility, low stability, rapid metabolism, and limited
bioavailability, while also offering advantages in encapsulation efficiency, tissue penetration, controlled release, and site-
oriented delivery. Accordingly, this review does not attempt to cover all inflammatory diseases or all nanocarrier
platforms, but rather provides a focused critical overview of representative lipid-based systems for improving curcumin
delivery in selected inflammatory disease models.

Inflammation and Its Role in Human Diseases

Inflammation is a natural and essential biological response that activates both immune and non-immune cells to defend the
body against infection, toxins, and tissue damage. Its main purpose is to restore normal tissue function. However, when this
process fails to resolve properly, it can become harmful, leading to chronic inflammation, fibrosis, and tissue dysfunction.'®
Acute inflammation is an immediate and highly regulated response to tissue injury or infection. It involves the activation of
immune cells, the release of inflammatory mediators, and various mechanisms designed to eliminate harmful agents and
initiate tissue repair. This phase includes processes such as neutrophil recruitment, production of cytokines and chemokines,
and eventual resolution of inflammation through neutrophil apoptosis and macrophage polarization, all of which work together
to promote healing and restore balance.'” In contrast, chronic inflammation is a prolonged and dysregulated immune response
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that fails to resolve, causing continuous tissue damage and disease progression. This persistent inflammatory state often
underlies the development of numerous chronic conditions, including rheumatoid arthritis, osteoarthritis, cardiovascular
diseases, inflammatory bowel disease, and neurodegenerative disorders.'®

Inflammation process is tightly regulated by biochemical substances known as inflammatory mediators. These include
vasoactive amines and peptides such as histamine, serotonin, and bradykinin, which increase vascular permeability and
promote vasodilation resulting in redness, swelling, and pain. Other important mediators are eicosanoids, derived from
arachidonic acid, such as prostaglandins, thromboxanes, and leukotrienes, which help control vascular tone, platelet
aggregation, and recruitment of immune cells. Pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-a),
interleukin-1 beta (IL-1p), and interleukin-6 (IL-6) play major roles in driving systemic effects, such as fever and acute-
phase responses. Additionally, acute-phase proteins produced by the liver, including C-reactive protein (CRP), fibrino-
gen, and serum amyloid A, contribute to immune regulation and tissue repair.'

In the initial stages of inflammation, neutrophils adhere tightly to endothelial cells via carbohydrate-based ligands.
When endothelial cells are activated, they express various membrane-bound and soluble adhesion molecules that
reinforce this attachment. These interactions enable neutrophils to leave the bloodstream and migrate across the
endothelial barrier to the site of tissue injury. This movement is directed by cell adhesion molecules (CAMs), their
activators, and chemotactic signals that precisely guide neutrophils to damaged tissue.*® At the tissue level, inflammation
results in increased blood flow, enhanced vascular permeability, and infiltration of white blood cells, along with the
release of numerous inflammatory mediators.”’ These mediators stimulate the production of key pro-inflammatory
cytokines such as TNF, IL-1, IL-6, and various chemokines, which further amplify the inflammatory response and
may contribute to tissue injury. Once neutrophils complete their functions, they undergo programmed cell death
(apoptosis) and are cleared by phagocytes. This clearance triggers the release of anti-inflammatory cytokines, guiding

the tissue toward resolution and restoring homeostasis.****

Curcumin as an Anti-Inflammatory Agent

Curcumin (Cur), known as 1,7-bis(4-hydroxy-3-methoxy-phenyl)-1,6-heptadiene-3,5-dione or diferuloylmethane,** is a
naturally occurring polyphenolic compound derived from the rhizome of turmeric (Curcuma longa), a plant belonging to
the Zingiberaceae family. It has garnered significant scientific interest owing to its diverse pharmacological properties.*’
Over the past few decades, numerous studies have highlighted the broad therapeutic potential of curcumin, including its
anti-inflammatory, antioxidant, antimicrobial, antiviral, and neuroprotective properties.”® These wide-ranging biological
activities have made curcumin one of the most extensively researched natural compounds given its potential role in the
management of chronic inflammatory diseases.”’

Curcumin inhibits the synthesis of inflammatory mediators and controls inflammatory signaling pathways to exert
anti-inflammatory effects. Curcumin binds to toll-like receptors (TLRs) and modifies downstream nuclear factor kappa-B
(NF-kB), mitogen-activated protein kinases (MAPK), activator protein 1 (AP-1), and other signaling pathways to
regulate the inflammatory mediators and treat inflammatory diseases. Curcumin downregulates NF-kB**?° by acting
on peroxisome proliferator-activated receptor gamma (PPARY). Curcumin can also exert anti-inflammatory effects by
regulating the Janus kinase/signal transducer and activator of transcription (JAK/STAT) inflammatory signaling pathway.”
30 Furthermore, many inflammatory diseases are related to the NOD-like receptor pyrin domain-containing 3 (NLRP3)
inflammasome, a cytosolic multiprotein complex. A sensor protein, an apoptosis-associated speck-like protein with a
caspase recruitment domain, and a protease caspase-1 form the NLRP3 complex. Curcumin may be used to treat
inflammatory illnesses by either directly preventing the assembly of NLRP3 inflammasome from assembling or by
blocking the NF-kB pathway, which prevents the activation of NLRP3 inflammasome.>’ Curcumin reduces pro-
inflammatory mediators, including interleukin-1 (IL-1), IL-1p, IL-6, IL-8, IL-17, IL-27, tumor necrosis factor-a. (TNF-
a), inducible nitric oxide synthase (iNOS), NO, granulocyte colony-stimulating factor (G-CSF), and monocyte chemo-
tactic protein-1 (MCP-1), and regulates the activation of normal T cell expressed and secreted factors (RANTES).**°

The regulatory effect of curcumin on immune cells is useful for the treatment of inflammatory disorders.*® Curcumin
mainly acts on dendritic cells, T helper 17 cells, and T regulatory cells. Th17 cells are crucial pro-inflammatory cells that
stimulate the inflammatory response by producing IL-17, IL-22, and IL-23. Treg cells suppress inflammatory responses,
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and abnormal immune responses resulting in inflammation can be caused by changes in the quantity and function of
Th17 and Treg cells. Therefore, maintaining the Th17/Treg balance is advantageous for the maintenance of immunolo-
gical homeostasis and the treatment of inflammatory disorders.?” Curcumin inhibits Th17 differentiation, and regulates
Treg/Th17 imbalance by inhibiting the IL-23/Th17 pathway.*® By utilizing lipid-based nanocarriers, the extensive
pharmacological benefits of curcumin can be maximized. As summarized in Table 1, incorporating curcumin into
lipid-based nanocarriers significantly enhances the therapeutic potential of curcumin across various inflammatory disease
models. Compared with free curcumin, these nanocarrier systems improve drug stability, prolong drug retention at the
target site, and enhance cellular uptake. Consequently, they more effectively suppress inflammatory mediators such as
TNF-a, IL-6, and IL-1p, while promoting tissue repair and reducing oxidative stress.

Lipid-Based Nanocarriers for Curcumin Delivery

In this review, the term lipid-based nanocarriers is used as an umbrella category for the lipid-containing delivery systems
investigated for curcumin, including liposomes, solid lipid nanoparticles, nanostructured lipid carriers, phytosomes,
ethosomes, niosomes, nanoemulsions, self-nano-emulsifying drug delivery systems (SNEDDS), transfersomes, lipid
nanocapsules, lipid micelles, spanlastic, and cubesomes. Within this framework, the term lipid nanoparticles is used
more specifically for matrix-type systems composed of a solid or partially solid lipid core, particularly SLNs and NLCs,
and is not used interchangeably with vesicular carriers such as liposomes and ethosomes or with phospholipid-complex
systems such as phytosomes. This distinction is important because these platforms differ in structural organization, drug
incorporation mechanisms, release behavior, and biological performance, even though they all belong to the broader
family of lipid-based nanocarriers relevant to curcumin delivery.®®

Structurally, Lipid-based Nanocarriers (LBNs) often display non-spherical shapes because of the interactions between
the polar or ionized phospholipid head groups and the solvent, as well as the hydrophobic behavior of the lipid chains.®*
Depending on their design, such as liposomal bilayers or solid lipid cores, these nanocarriers demonstrate excellent
compatibility with biological systems, making them ideal for pharmaceutical use.®> Typically, they are composed of
uniform lipid bilayers or solid matrices that can encapsulate hydrophilic and lipophilic molecules. Water-soluble
compounds are stored in aqueous regions, whereas fat-soluble compounds, such as curcumin, are integrated into the
lipid layers. This dual capability allows LBNs to safely transport different types of molecules to the target sites, provide
sustained release, and biodegrade naturally after drug delivery.

Advances in nanotechnology have greatly expanded the possibilities for improving curcumin delivery.®’” Various
nanocarrier systems, including protein-, polysaccharide-, and hybrid protein-polysaccharide-based systems, have been
explored. However, lipid-based nanocarriers remain the most extensively researched and effective platforms for curcumin
encapsulation.®® LBNs include several formulations such as solid lipid nanoparticles (SLNs), nanostructured lipid
carriers (NLCs), liposomes, phytosomes, and ethosomes (Figure 1). Among these, lipid systems are particularly
advantageous for hydrophobic compounds such as curcumin, as they enhance both bioavailability and stability by
efficiently integrating into lipid matrices.®®

Before discussing individual carrier classes, it is important to outline the principal physicochemical attributes used to
characterize lipid-based nanocarriers for curcumin delivery. These attributes commonly include particle size and size
distribution, zeta potential, morphology, drug loading, entrapment efficiency, and colloidal stability. However, the
relevance and interpretation of these parameters are platform-dependent and should be considered in relation to the
carrier architecture, because vesicular systems and matrix-type lipid nanoparticles do not share identical structural
features or performance criteria. The particle size plays a major role in influencing the nanocarriers stability, biodistribu-
tion, cellular uptake, and therapeutic performance.*” Generally, smaller LBNs (< 100 nm) demonstrate better cellular
uptake and longer circulation times, whereas larger particles (> 100 nm) can load more drug but are less efficiently
absorbed by cells.”® The most common and reliable method for determining the particle size is Dynamic Light Scattering
(DLS), which provides an apparent hydrodynamic diameter.”'-**

However, it is crucial to recognize that Dynamic Light Scattering (DLS), Transmission Electron Microscopy (TEM),
Scanning Electron Microscopy (SEM), and Atomic Force Microscopy (AFM) provide complementary, not interchange-
able, views of nanostructures. While DLS reports a hydrodynamic, intensity-weighted size that includes the particle plus
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Table | Therapeutic Effects of Curcumin-Loaded Lipid-Based Nanocarriers in Inflammatory Diseases

induced rat model)

| Inflammatory cell infiltration

| Skin congestion

Inflammation | Diseases Study Dosage Administration | Result Reference
in Organs Route
Skin Psoriasis In vitro SLN were applied to cells at 0.5, I, | Hyperproliferation and death of keratinocytes in psoriatic [39]
and 5 pg/mL lesions
| The production of pro-inflammatory cytokines IL-23, IL-6,
and IL-8,
| Lipid peroxidation markers such as MDA.
Atopic In vitro 0.5-5 pg/mL | Pro-inflammatory cytokines (IL-23, IL-6, IL-8) [40]
Dermatitis | Ferroptosis marker (TFRC, MDA)
Psoriasis In vivo (Psoriasis 10 mg/kg of IBR and 20 mg/kg of CUR | Topical | Epidermal hyperplasia, [41]
mice model) | Inflammatory cytokines (IL-17, IL-22, and TNF-o)
| Lesions due to psoriasis involving acanthosis
Psoriasis In vivo (Psoriasis NR Topical | Inflammatory markers (TNF-alpha, IL-6, IL-22, and IL-23) [42]
mice model) Psoriasis severity score lower than the IMQ control group.
| In psoriasis-like lesions
Restoration of normal skin structure.
Psoriasis In vitro 250 mg of CUR-NLC Sustained release up to 24 hours [43]
Suitable pH
Good spreadability
Ex vivo (Rat 1.0 g of nanogel Topical High retention in epidermis (750.67 *+ 0.65 ug/cm?)
abdominal skin) Deliver curcumin efficiently into the skin and maintain
localized therapeutic levels
Psoriasis In vitro NR tCurcumin penetration across the skin in vitro [44]
Stable encapsulation and prolonged drug availability.a
In vivo 0.3 mL of the formulations containing | Topical | TNF-q, IL-17A, IL-17F, IL-22, and IL-1B mRNA levels
0.1% (w/v) (Psoriasis mouse model) | CCRé protein expression
Ear In vivo (Ear I mL % curcumin Per oral 1 Inhibiton of mice ear edema [45]
inflammation inflammation female
mice model)
Tinea capitis Clinical (Human 1.25 mg/g NSV-Cur gel Topical | In scaling and erythema [46]
with tinea capitis) 1 In clinical score (TSSS | significantly)
Hair regrowth
Acne vulgaris In vitro NR Sustained release (48 h) [47]
1 Solubility and stability vs free drugs
In vivo (Acne | g nanogel Topical | Epidermal hypertrophy

(Continued)
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Table 1 (Continued).

Inflammation | Diseases Study Dosage Administration | Result Reference
in Organs Route
Joint Rheumatoid In vivo NR Per oral | Paw swelling [48]
Arthritis | Inflammatory markers
Improvement in phytosomes-treated animal group with no
signs of arthritis
Rheumatoid In vitro NR Controlled drug release [49]
arthritis
In vivo 100 pL CUR-NLC smart gel (2.5% w/v | Intra-articular | Knee inflammation and swelling
CUR) Provided sustained retention in the joint cavity
(Arthritis rat model) Restored near-normal synovial histology
1 Therapeutic efficacy and prolonged anti-inflammatory effect
Rheumatoid In vivo (Arthritis 100 pL liposome suspension Intravena | Joint swelling and severity scores [50]
arthritis mice model) 1 Antigen-specific FoxP3" regulatory T cells (Treg)
1 T cell proliferation
| IL-2, TNF and IFN-y
1 IL-10
Osteoarthritis In vitro 7-70 uM 1 OPG/RANKL (indicative of inhibited osteoclast activity and | [51]
reduced bone resorption)
| The production of pro-inflammatory mediators (COX-2
and MMP-3) induced by IL-1p in osteoblastic cells.
| Osteoclastogenic activity by inhibiting RANKL
Arthritis In vivo (Arthritis rat | 1.75 mg/kg Cur LCN Intraperitoneal 1 The antioedematogenic activity [52]
model) | Cartilage and bone damage
| Inflammatory cell infiltration
Rheumatoid In vitro NR Better in vitro skin penetration than plain curcumin. [53]
arthritis
In vivo (CFA- NR Topical 1 Clinical, histological and x-ray scores
induced rheumatoid | Pro-inflammatory cytokines through NF-«f inhibition
arthritis model)
Rheumatoid In vitro 10 mL Provide sustained drug release [54]
arthritis Have stable, uniform nanosized vesicles
Show good compatibility
In vivo (CFA- 4 mg Topical | Paw swelling reduced

induced rheumatoid

arthritis rat model)

| Pro-inflammatory cytokines

1 Histological structure

1 Radiological (bone/joint) condition
Safe and non-irritant for topical use
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Lung Chronic In vitro 2.5 pM for liposomal curcumin | Markers of cellular senescence (X-gal, pl6) [55]
obstructive | Inflammatory cytokines (osteopontin, FGF, uPAR)
pulmonary Maintaining cell viability
disease
Asthma In vitro | pg/mL and 5 pg/mL of curcumin- | Pro-inflammatory cytokines IL-6, IL-8, IL-1B3, and TNF-a [56]
loaded liposomes Strong anti-inflammatory activity, suggesting potential as an
adjuvant or alternative to corticosteroids for asthma therapy.
Asthma In vitro 5 mg of curcumin-SLNs Effectively prolong the circulation time of curcumin, [57]
potentially enhancing its therapeutic efficacy
In vivo (OVA- 400 mg/kg curcumin-SLNs Intraperitoneal | Airway hyperresponsiveness
induced allergic | inflammatory cell infiltration
asthma rat model) | Th2 cytokines (IL-4, IL-13)
Asthma In vitro 5 uM Cur-RH60/F127-MMs 1 IL-10, IL-6, and NO expression [58]
In vivo (Asthma 20 mg/kg Cur-RH60/F127-MMs Per oral | The expression of eosinophils
mice model) | Monocytes, lymphocytes, and granulocytes
| IgE levels
Improved Th1/Th2 balance
Respiratory In vivo (RSV mice NR NR | Immune cell influx into lungs [59]
Syncytial Virus | model) | MIP-la
(RSV) Infection | TNF-a
| IFN-y
(Continued)
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Table 1 (Continued).

Inflammation | Diseases Study Dosage Administration | Result Reference
in Organs Route
Nerve Alzheimer In vitro Liposomal miR-101: 12.5 x 10718 The strongest and longest suppression of AB42 (~67% [60]
molecules/L + Curcumin: 0.7 g/L reduction up to 12 hours, max at 6 hours)
(added at 1:50 ratio) | TNF-a and IL-6
1 IL-10 levels
Alzheimer In vivo (Alzheimer 150 mg/kg SLNs-CUR Intraperitoneal 1 Cognitive performance and memory (step-down avoidance | [61]
mice model) test)
1 TG2-L (repair isoform)
| TG2-S (apoptotic isoform)
1 Bcl-2 (anti-apoptotic)
| caspase-3 cleavage (apoptosis marker)
Alzheimer In vitro 8 uM and 20 pM | Oxidative stress in SH-SY5Y cells [62]
| Cells apoptosis
In vivo (Zebrafish NR Waterborne Effective delivery without adverse developmental effects
embryo model) exposed/
immersion
Alzheimer In vitro 50-200 pg/mL. 1 Neuronal viability [63]
| Reduced AP —4,-induced toxicity
AP aggregation.
Alzheimer In vitro NR Show high affinity for amyloid deposits [64]

Inhibit AP aggregation
1 Uptake across BBB models

|e 32 |ndwong



1 :9T0T QUIDIPAWOUEN JO [euJnof [euoneuIIu|

:sdyy

Alzheimer In vitro 20 pg/mL nanoliposomes for labeling No cytotoxicity after 24 hours at 20 ug/mL CnLs. [65]
| AB-induced cell death in cultured SH-SY5Y cells
1 AB levels
Strongly labeled AP plaques in human AD brain tissue.
In vivo (Alzheimer 2 pL of 100 pg/mL CnlLs suspension Intraserebral / Strongly target and label AP plaques and successfully co-
mice model) intracranial localized with AP deposits along the injection sites,
injection confirming their specific binding capability within the brain
(stereotactic) tissue

Epilepsy In vivo (Epilepsy 25 and 50 mg/kg liposomal curcumin Per oral 1 Seizure protection in all mouse models tested [66]
mice model) Delayed the onset of seizures

| The duration of seizures
Strong anticonvulsant activity.

Alzheimer In vivo (AICI;- 50, 25, 12.5 and | mg/kg C-SLNs Per oral 1 Neuroprotective and therapeutic effect in the aluminium- [67]
induced Alzheimer’s induced mouse model of Alzheimer’s disease, outperforming
disease-like mice free curcumin at similar doses
model) Showing improvement on histopathology of the brain

sections

Alzheimer In vitro NR The planar-curcumin liposomes howed very strong affinity for | [68]
amyloid-beta (AP 1-42) fibrils and supporting the potential for
targeting A fibrils in Alzheimer’s disease

Alzheimer In vivo (Alzheimer NR Per oral Significant dose-dependent therapeutic efficacy in an [69]
animal model) Alzheimer’s disease animal model

Outperforming the untreated group and demonstrating
comparable effectiveness to the standard drug (donepezil).

Alzheimer In vivo (Malzheimer | 10 mg/kg LNC Per oral 1 TNF-a [70]
mice model) T IL-1B

1 IL-6

1 IFN-y

Improved cognition
Significantly inhibited NF-kB

Alzheimer In vivo (Alzheimer 10 mg/kg Curcumin + Meloxicam 5 Per oral | COX-2 levels [71]
mice model) mg/kg 1 Cognitive impairment

1 Long-term memory
Alzheimer In vivo (Alzheimer 20 mg/kg Intraperitoneal | NF-xB [72]

rat model)

| Brain damage

1 Memory & cognition

(Continued)
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Table | (Continued).

Inflammation | Diseases Study Dosage Administration | Result Reference
in Organs Route
Gastrointestinal | Ulcerative In vivo (Ulcerative NR Per oral | Clinical symptoms such as weight loss, diarrhea, and fecal [73]
colitis colitis mice model) bleeding)
Prevent colon tissue damage and shortening
| Inflammatory biomarkers (MDA, MPO, IL-6, TNFa).
Ulcerative In vitro 20 mg/kg C-SBLNs 1 Cellular uptake and preferential localization in inflamed [74]
colitis tissues compared to free curcumin
(inflammatory Sustained drug release for up to 24 hours
bowel disease)
In vivo (Ulcerative 15 mg/kg C-SBLNs Per oral | Leukocyte infiltration
colitis guinea pigs | TNF-a
model) | Oxidative stress
Better preservation of colonic structure, similar to healthy
animals
Ulcerative In vitro 1 Solubility 1 Release 1 Permeability (28.9% higher) [75]
colitis 1 Antioxidant activity
In vivo (Ulcerative 50, 100, 150 mg/kg RA-Cur Per oral | Inflammation in ulcerative colitis Shows dose-dependent
colitis mice model) therapeutic effect Effectively reverses colon damage
Inflammatory In vitro 20 pg/mL | TNF- secretion [76]
Bowel Disease
In vivo (Ulcerative 15 mg/kg/day Per oral | Neutrophil infiltration
colitis mice model) | TNF- secretion
| Colonic inflammation
Inflammatory In vitro NR | TNF-a [77]
Bowel Disease 1 IL-6
| nitric oxide (NO)
High cell viability at all tested concentrations
Liver Hepatic fibrosis | In vitro 10 pM per drug for most cell assays | Fibrotic markers a-SMA, Collal, and Col3al compared to | [78]
(MTT, uptake, migration) and | pg/mL free drugs
per drug for the apoptosis assay 1 Anti-fibrotic effect than each drug alone.
Hepatic fibrosis | In vivo (Liver 15 mg/kg Intraperitoneal | Liver enzyme markers (ALT, AST, ALP, T-Bil) [79]

fibrosis in a rat

model)

| Pro-inflammatory cytokines (TNF-a, IL-1§, IL-6).

1 Cur-mNLCs improved hepatocyte growth factor (HGF) and
MMP-2 expression,

| Collagen | and a-SMA

Showed superior anti-fibrotic and hepatoprotective activity

compared with Cur-NLCs and free Cur.
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Drug Induced

In vitro

Higher and faster release [80]
Liver Injury Follows Higuchi diffusion model
(DILI)
In vivo 25 mglkg Per oral | ALT, AST, and TNF-a
(Hepatotoxicity Nearly normal liver structure
induced male rat)
Bone Osteomyelitis In vitro NR Showed good stability and controlled release [81]
Suitable for localized drug delivery
Has potential application in osteomyelitis
Ocular Eye In vitro NR Sustained release over 24 hours [82]
inflammation
In vivo 50 pL per dose Eye drops Faster healing (4 days) Comparable as an anti-inflammatory

effect with lower side effects (no IOP increase)
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Figure | Types of lipid nanocarrier commonly used in drug delivery.

its solvation layer and any soft corona, microscopy techniques (TEM, SEM, and AFM) resolve the core size and
morphology after particle deposition. Because the scattering intensity scales with the sixth power of the particle radius,
DLS is strongly affected by aggregation and polydispersity, as the signal is dominated by larger particles.’” In contrast,
TEM and SEM provide high-resolution images of individual particle cores and their aggregation state on a substrate.”>**
AFM further offers insights into surface topography and height, although it is less routine for size in dispersion.
Therefore, the orthogonal use of both scattering and imaging techniques is highly recommended for the accurate
characterization of nanomedicines.”

The surface charge of LBNs, expressed as the zeta potential, is another critical factor in determining their stability.”>
A higher positive or negative zeta potential signifies strong electrostatic repulsion between the particles, which helps
maintain a stable suspension. Conversely, when the zeta potential was near zero, the repulsion weakened, leading to
particle aggregation and eventual instability.”® For curcumin nanocarriers, the pH-dependent charge and isoelectric point
(p]) of the carrier materials govern colloidal stability, which in turn controls the physicochemical behavior, stability, and
bioavailability of curcumin in biological media. Curcumin often becomes deprotonated and negatively charged at
alkaline pH, interacting electrostatically with charged proteins or polymers to form more compact or aggregated
structures depending on the charge balance.”>” Studies on various curcumin carriers, such as protein—polysaccharide
complexes and liposomes, demonstrate that controlling pH relative to the carrier pl is essential to protect curcumin
against degradation and enhance its bioaccessibility in simulated gastrointestinal or biological media.***%%°

Surface morphology, examined using TEM, SEM, and AFM, provides further insights into the structure and texture of
the nanocarriers.'®® Generally, a smooth and uniform surface improves stability, whereas rough or irregular textures can
increase interactions with biomolecules, potentially altering biodistribution and reducing therapeutic efficiency.'®'

Besides physical characteristics like size and morphology, the key parameters for optimizing LBN-based drug delivery
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systems are stability, loading capacity, and entrapment efficiency. Stability refers to the ability of nanocarriers to retain
their physical and chemical characteristics, such as size, shape, and lipid integrity under various conditions or during
storage.'"” The loading capacity measures the total amount of drug encapsulated, whereas the entrapment efficiency
reflects how effectively the drug remains within the nanocarriers after formulation.®” Both are essential for ensuring
consistent therapeutic outcomes and reliable formulation performance.

Despite the promising therapeutic potential of lipid-based nanocarriers, their clinical translation is significantly
hindered by the critical challenge of sterilization. Common sterilization methods often prove problematic for these
nanostructures due to their inherent physicochemical sensitivity.

Heat sterilization, such as autoclaving or moist heat, can trigger lipid melting, phase transitions, aggregation, drug
leakage, and overall degradation of liposomes and other lipid-based nanocarriers.'®*'®* While specific solid lipid
nanoparticles or nanocapsules might tolerate carefully optimized high-temperature cycles depending on their formulation
and stabilizers, this remains highly case-specific.'®>'% Sterile filtration (0.22 um), although widely recommended, may
be ineffective or result in significant material loss when the particle size approaches the filter pore size (=200 nm),
leading to membrane clogging and low drug recovery.'®” Furthermore, the structural integrity of these carriers is often
sensitive to shear stress or interactions with the membrane, potentially causing size alterations or component loss.'**'!°
Radiation techniques (y, B, or UV) are also restricted where ionizing radiation can induce lipid oxidation, chain scission,
and the formation of reactive oxygen species (ROS), leading to changes in particle size, zeta potential, and biological
activity.'””''% Although some NLCs may tolerate specific low doses of radiation, the effects are strictly formulation- and
dose-dependent.'®® Finally, chemical or gas methods, such as ethylene oxide, are generally unsuitable due to concerns
regarding toxic residues.''’ Collectively, these sterilization constraints directly impact the actual viability and scalability
of lipid-based systems for biomedical applications.

Liposomes
Liposomes are lipid-based vesicles that self-assemble and are primarily composed of phospholipids. They can form many
concentric bilayers (multilamellar) or a single bilayer (unilamellar), encasing an aqueous core that can contain pharma-
ceuticals or biomolecules.''? Each phospholipid bilayer has a thickness of approximately 4-5 nm, and its size can vary
greatly from 30 nm to the micrometer scale.''? Alec D. Bangham and his associates at Babraham, Cambridge, first
proposed the idea of liposomes in the mid-1960s, and the first structural model was released in 1964."'*''5 Since then,
liposomes have emerged as one of the most researched and adaptable nanocarrier systems for the delivery of numerous
therapeutic agents including proteins, nucleic acids, small chemicals, and imaging compounds.''®'"” To enhance their
therapeutic efficacy, many delivery methods have been investigated, including parenteral, pulmonary, oral, transdermal,
ocular, and nasal delivery.''®!'"? Structurally, liposomes are spherical vesicles that develop independently when phos-
pholipids are distributed in water. They self-assemble because they are amphiphilic. The creation of bilayer structure is
driven by the hydrophilic (polar) head and hydrophobic (nonpolar) tail of each phospholipid molecule.'?® The hydro-
phobic tail is composed of long fatty acid chains with variable degrees of unsaturation, usually 10-24 carbon atoms in
length, whereas the polar head commonly comprises phosphoric acid bound to an alcohol. Phospholipids align to form
lamellar sheets that curve and close into stable spherical vesicles when subjected to water and energy inputs such
sonication, heating, or homogenization.'?' These structures are thermodynamically stable through balanced interactions
between lipids and water.'”> Owing to their bilayer structure, liposomes can include lipophilic substances, such as
curcumin in the lipid membrane and hydrophilic medications in the aqueous core.'?**'** Biocompatible lipids, such as
cholesterol, glycolipids, sphingolipids, long-chain fatty acids, and membrane proteins, are commonly found in liposomes
and contribute to their stability and structural integrity.'** Consequently, they can effectively prolong the circulation half-
life of encapsulated medications, prevent enzymatic and oxidative degradation, and permit controlled or sustained
release.'” Additionally, owing to their flexibility, a variety of medicinal compounds, including peptides, antibiotics,
enzymes, hormones, and other biomolecules, can be encapsulated.'**

Several studies have demonstrated the therapeutic potential of liposomal systems. For instance, Jain et al investigated
a topical liposomal gel co-loading ibrutinib and curcumin for psoriasis treatment. The optimized formulation exhibited a
particle size of 128.53 + 1.18 nm with a PDI of 0.174 + 0.08, indicating a uniform and stable dispersion, along with high
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entrapment efficiency (83.15 + 1.91% for ibrutinib and 86.69 + 3.80% for curcumin). In an in vivo imiquimod-induced
psoriasis model, this formulation significantly reduced epidermal hyperplasia, ear thickness, and psoriasis severity index,
as well as suppressed inflammatory cytokines and acanthosis, demonstrating enhanced skin permeation and localized
anti-inflammatory effects.*' Similarly, Wang et al evaluated curcumin-loaded liposomes (CUR-LPs), which exhibited a
particle size of 167 nm, zeta potential of —34 mV, and a low PDI of 0.09, indicating high stability and uniformity. These
systems demonstrated good resistance in simulated gastric fluid and a slower rate of degradation in simulated intestinal
fluid. In a dextran sulfate sodium (DSS)-induced ulcerative colitis model, CUR-LPs significantly reduced clinical
symptoms such as weight loss, diarrhea, and fecal bleeding, while also decreasing inflammatory and oxidative stress
markers, including MDA, MPO, IL-6, and TNF-a. These findings highlight the potential of liposomes for colon-targeted
delivery and anti-inflammatory therapy.””

Based on the studies summarized in Tables 1 and 2, liposomes exhibit broad applicability across inflammatory
diseases, with Alzheimer’s disease being the most frequently studied condition. As the most established and FDA-
approved lipid nanocarriers, liposomes possess a distinct clinical advantage over other lipid systems that remain largely
in the preclinical stage, particularly due to their well-documented safety profile and low immunogenicity derived from
their cell-membrane-like phospholipid bilayers.'**!'?” In addition, liposomal systems have been successfully applied in
conditions such as osteoarthritis, rheumatoid arthritis, asthma, chronic obstructive pulmonary disease, psoriasis, and
ulcerative colitis, highlighting their versatility in targeting both systemic and localized inflammation. Most formulations
utilize curcumin as a model hydrophobic compound, however, liposomes have also been employed to deliver a wide
range of therapeutic agents, including small molecules such as ibrutinib and cyclopamine, nucleic acids including
miRNA, as well as essential biomolecules such as cardiolipin and nerve growth factor. This unique structural config-
uration, featuring both an aqueous core and a lipid bilayer, allows for the simultaneous loading of hydrophilic and
hydrophobic compounds, a level of dual-delivery efficiency that many matrix-type lipid particles cannot achieve.'?” This
demonstrates their ability to encapsulate diverse drug types and support combination therapies. Across different disease
models, liposomal formulations consistently exhibit anti-inflammatory and immunomodulatory effects, as evidenced by
the reduction of pro-inflammatory cytokines including TNF-a, IL-6, IL-17, inhibition of pathological processes such as
amyloid-f aggregation, and modulation of immune responses, including increased IL-10 levels and regulatory T cell
activity. In neurodegenerative models, liposomes further demonstrate the ability to cross the blood-brain barrier (BBB),
improve neuronal viability, and reduce neurotoxicity. Physicochemical analysis across the included studies indicates that
liposomes typically exhibit particle sizes in the range of 80-200 nm with high entrapment efficiency, generally ranging
from 70% to 90%. These parameters are critical as they directly support formulation stability, drug loading capacity, and
enhanced cellular uptake. Moreover, the structural flexibility of liposomes facilitates multiple routes of administration
including oral, intravenous, topical, and intracranial delivery, enabling both systemic and targeted therapeutic effects
across diverse inflammatory models.

Solid Lipid Nanoparticles (SLNs)

Miiller and Lucks first presented solid lipid nanoparticles (SLNs) in the early 1990s as a substitute for traditional
colloidal carriers such as emulsions, liposomes, and polymeric nanoparticles.'*® SLNs are often composed of physiolo-
gically appropriate solid lipids distributed in an aqueous phase and stabilized by surfactants or co-surfactants.
Triglycerides, steroids, and fatty acids often comprise the lipid phase of SLNs. These substances remain solid at room
and body temperatures, creating a stable core that permits regulated and prolonged drug release.'°

The development of SLNs is largely driven by the limitations associated with conventional drug delivery systems,
including low solubility, high metabolic rate, and systemic toxicity.'*' By modifying drug release and distribution, SLNs
offer the potential for site-specific delivery and enhanced bioavailability, particularly for poorly soluble and labile drugs.
SLNs combine the benefits of different colloidal carriers while minimizing certain drawbacks. However, their perfor-
mance is often formulation-dependent. While SLNs provide improved drug stability and the capability to encapsulate
both hydrophilic and lipophilic pharmaceuticals, their drug loading capacity can be limited by lipid crystallization during
storage, a challenge that led to the subsequent development of NLCs. Nevertheless, SLNs remain highly regarded due to

their biocompatibility, ease of scale-up, and cost-effectiveness.'** '
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Table 2 Formulation and Characterization of Curcumin-Loaded Lipid-Based Nanocarriers

Lipid Drug Base Composition Characterization Result Reference
Nanocarrier
Liposomes Curcumin Phosphatidylcholine NR 1 Therapeutic effects compared to free [55]
curcumin
Curcumin + miR-101 Phospholipids and cholesterol NR Liposomal miR-101 + CUR combination [60]
demonstrates synergistic effects
Showed a delayed or less pronounced effect.
Curcumin + Ibrutinib Glyceryl monostearate Particle size = 128.53 + 1.18 nm Controlled drug release [41]
Capryol PGMC Pluronic F-127 Carbopol 940 Zeta potential = NR Uniform and stable dispersion
PDI = 0.174 + 0.08 Strong synergistic interaction between the two
EE (%) = 83.15 + 1.91% (Ibrutinib) drugs
and 86.69 + 3.80% (Curcumin)
Curcumin Liposomes composed of anionic phospholipids | Particle size = 67 nm Provided colon-specific delivery [73]
forming pseudo-pH-sensitive nanoparticles Zeta potential = —34 mV Prolonged curcumin release
PDI = 0.09 1 Stability, and significantly reduced
EE (%) = NR inflammation and oxidative stress
Curcumin + Lipoid S100 Particle size = 80-120 nm Stable nanosystem with high drug loading [78]
Cyclopamine Cholesterol Zeta potential = 6.93 + 1.4 mV Sustained and controlled release profile
mPEG2000-DSPE PDI = 0.204 + 0.002 1 cellular uptake compared to free drugs
EE (%) = 99.59 £ 0.06 (Curcumin) and | Showed the strongest inhibition of HSC-T6 cell
74.07 £ 0.41 (Cyclopamine) migration and invasion.
Curcumin Soy lecithin Particle size = 271.3 £ 3.06 nm Stable [56]
Cholesterol Zeta potential = —61.0 mV High-encapsulation formulation that shows
Tween 80 PDI = NR strong anti-inflammatory activity
EE = 81.1%
Curcumin + Cardiolipin | Cholesterol Particle size= [10-170 nm Showed good biocompatibility in HBMECs, [63]
+ Nerve growth factor | DPPC (1,2-Dipalmitoyl-sn-glycero-3- Zeta potential = =5 mV to —15 mV HAs, HBVPs, and SK-N-MC cells with no
(NGF) phosphocholine) PDI = NR significant toxicity.
EE (%) = —14.73 + 0.42% Enhanced NGF and CUR transport across the
HBMEC/HA BBB model, with controlled and
sustained release.
Stable nanoparticles suitable for BBB
penetration
(Continued)
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Table 2 (Continued).

Lipid Drug Base Composition Characterization Result Reference
Nanocarrier
Curcumin Egg phosphatidylcholine (EPC) Particle size = NR No toxicity or apoptosis caused by the [50]
Zeta potential = NR liposomes
PDI = NR Strong inhibition of NF-kB activation, and
EE (%) = 80-90% (Curcumin and enhanced induction of FoxP3[] regulatory T
quercetin) cells.
1 Entrapment efficiency
Curcumin + Soybean phosphatidylcholine (SPC) Particle size = 95-120 nm 1 Drug safety, stability and bioavailability, (high | [51]
Bisdemethoxycurcumin Zeta potential = NR entrapment efficiency and stable particle size
(BDMC) PDI = NR over time)
EE (%) = 69.5% (Curcumin) and 71.4% | 1 Intracellular delivery
(BDMC)
Curcumin DSPC (1,2-distearoyl-sn-glycero-3- NR 1 Uptake by BBB transport systems [64]
phosphocholine)
DSPE-PEG2000-CURC (Lipid—PEG—Curcumin
conjugate)
Cholesterol
Curcumin DPPC (1,2-dipalmitoyl-sn-glycerol-3- Particle size = 207.2+ 8.0 nm Stable, non-toxic, neuroprotective, and [65]
phosphatidylcholine) Zeta potential = —10.5 £ 1.2 mV reduces AP secretion.
Cholesterol PDI = 0.255
DPS Curcumin (curcumin phospholipid EE (%) = NR
conjugate)
Curcumin Lecithin NR 1 Bioavailability and anticonvulsant activity in [66]
Glycerin mice models, effectively crossing the blood
brain barrier
Curcumin Phospholipid and DODAP (1,2-dioleoyl-3- Particle size= <200 nm 1 Curcumin stability and neuroprotective [54]
dimethylammonium-propane) Zeta potential = NR effects
PDI= 0.2 Successfully deliver curcumin into cells and
EE (%) = 93.60 £4.26 potentially across the BBB
Curcumin DPPC (1,2-dipalmitoyl-sn-glycero-3- Particle size = 131-207 nm Effectively enhances their binding affinity and [68]

phosphatidylcholine)
DPPG (I,2-dipalmitoyl-sn-glycero-3-
phosphatidylglycerol)

Cholesterol

Zeta potential = NR
PDI = NR
EE (%) = NR

stability
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Solid Lipid Curcumin Glyceryl monostearate, PEG-40 stearate, NR 1 The delivery and effectiveness of curcumin [39]
Nanoparticles Linolenic acid
Curcumin + a-linolenic | Curcumin monooleate Resveratrol monooleate | NR Excellent stability [40]
acid (LNA) Capsaicin oleates Controlled and sustained release
Curcumin Compritol 888 ATO (glyceryl behenate), Lutrol | Particle size = [50-180 nm Suitable for parenteral administration [61]
F68 (poloxamer 188), soy lecithin, DSPE- Zeta Potential= —29 to —24 mV Good stability
PEG2000 PDI = 0.26
EE (%) = NR
Curcumin Lipid matrix: Stearic acid; Surfactant: Poloxamer | Particle size = 164.2 + 5.6 nm Stable nanosystem with sustained drug release | [74]
188 (1% wiv); prepared by hot homogenization | Zeta potential = —26.3 + .2 mV (80% at 48 h)
and ultrasonication. PDI = 0.211 £ 0.017 1 Cellular uptake
EE (%) = 82.6 £ 2.3%
Curcumin Lecithin Particle size = 190 nm 1 The systemic bioavailability [57]
Tween 80 Zeta potential = —20.7 mV Prolongs its retention in the bloodstream
Stearic acid PDI = NR Improves its efficacy for therapeutic
EE (%) = 75% applications
Curcumin Soy lecithin Particle size = 134.6 £ 15.4 nm 1 Increase in bioavailability [67]
Tween 80 Zeta potential = NR 1 Permeability across the blood-brain barrier
Compritol 888 ATO (Glyceryl behenate) PDI = NR (BBB)
EE (%) = 81.92 £ 2.91% More effective therapeutic outcomes
(Continued)
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Table 2 (Continued).

Lipid Drug Base Composition Characterization Result Reference
Nanocarrier
Nanostructured | Curcumin + Ibrutinib Capryol PGMC Particle size = 95.12 + 3.39 nm Improved drug flux (permeation) compared to | [42]
Lipid Carriers Glyceryl Mono Stearate Pluronics-F-127 Zeta potential = NR the plain drug gel
PDI = 0.285 + 0.009 Better skin penetration capability.
EE (%) = 86.04 + 2.86% (IBR) and
87.25 + 2.14% (Curcumin)

Curcumin Cetyl palmitate Labrafac PG Captex 200 Particle size = 165.12 nm Excellent stability [49]

Tween 80 Labrasol Zeta potential = —21.67 mV Easily injectable formulation with sustained
PDI = 0.49 release and excellent biocompatibility
EE (%) = 72.15%

Curcumin Precirol ATO 5 Particle size = 189.4 + 2.6 nm Stable formulation [43]
Capmul MCM C8 Zeta potential = —21.45 + 1.3 mV Sustained release
Tween 80 PDI = 0.262 + 0.24

EE (%) = 58.15-86.25%

Curcumin Soybean phosphatidylcholine PS Particle size= 204.6+1.97 nm 1 Liver targeting and bioavailability. [79]
(phosphatidylserine; |,2-diacyl-sn-glycero-3- Zeta potential= —46.29 * 0.48 mV Prolonged mean residence time and higher
phospho-L-serine) PDI = 0.067+0.002 AUC
Cholesterol EE (%) = 89.06 + 0.47% 1 Anti-inflammatory and anti-fibrotic efficacy
Cholesteryl oleate Trioleate glycerolerine compared to non-modified Cur-NLCs and free

Cur.

Curcumin Precirol® ATO 5 (glyceryl distearate) Miglyol® | Particle size= 280 * 8 nm Stable and homogeneous NLCs with high drug | [76]
812N/F Tween 80 Zeta potential = —10.6 mV * 0.3 entrapment
Kolliphor® P188 PDI = 0.40 Localized inside Caco-2 cells, indicating strong

EE (%) = 95 + 3% interaction with the epithelial barrier.
Phytosomes Curcumin + Phospholipid Particle size= 760 nm High entrapment [48]

Leflunomide Cholesterol Zeta potential= —55.7 mV Sustained release profile

PDI = NR
EE (%) = >98%
Ethosomes Curcumin HSPC (Hydrogenated Soybean Particle size= 181.3 + 2.6 nm 1 Penetration, skin retention and better [44]
Phosphatidylcholine) Zeta potential= =432 + |.| mV stability
DOPE (Dioleoyl Phosphoethanolamine) PDI= 0.212 £ 0.03
DSPE-PEG2000 Cholesterol EE (%) = 82.6 + 2.8%.
Nanoemulsion Curcumin Medium Chain Triglycerides (MCT) Particle size = 79.5-618.6 nm Good stability for 7 days [45]

Tween 20
Water

Zeta potential = NR
PDI = 0.249-0.369
EE (%) = NR

1 The bioavailability of curcumin and improved
its anti-inflammatory activity
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SNEDDS Curcumin Isopropyl mysristate Particle size = 32—405 nm 1 Curcumin solubility, stability, and dissolution | [128]
Labrasol Zeta potential = —15.12 £ 0.44 mV to | rate
Cremophor RH 40 —18.12 + 0.36 mV
Transcutol P PDI = 0.104 + 0.006 to 0.228 + 0.024
EE (%) = 93.11-99.12%
Curcumin + Piperin NR NR 1 The bioavailability of curcumin [69]
Curcumin + Mesalamine | Capmul MCM Particle size = 137.54 % 1.58 nm Stability in physical and chemical properties [77]
Tween 80 Zeta potential = —17.25 +£2.83 mV after 3 months
Transcutol P PDI = 0.286 + | .41 Safe (non-toxic)
EE (%) = 86.38 £2.18% (Mesalamine) | Faster dissolution
and 79.63 = 1.93% (Curcumin) Effective as localised oral medication
Cubosome Curcumin Glyceryl monooleate Particle size = 186.27 nm Showed good rheological properties, release [81]
Pluronic F-127 Zeta potential = —17.5 mV characteristics and stability studies
Ethanol PDI = NR
Water EE (%) = 71.24%
Lipid miccelles Curcumin Span 80 Particle size = 168.6 + 19.2 nm Showed moderate efficacy, good safety and [46]
Cremophor Zeta potential = — 42.2 £ 7.2 mV stability but still less effective than standard
Tween 80 PDI = NR oral therapy
Ethanol EE (%) = 85% + 6.3
Water
Curcumin + Ethanol Particle size = 4.186+0.231 nm Improved permeability and antioxidant activity | [75]
Rebaudioside Zeta potential = 0.194+0.013 mV Good long-term stability (25:1 ratio)
PDI = —1.873+0.494 Better encapsulation and prevention of
EE (%) = 99.43%+0.67% crystallization
1 Drug release
Curcumin Cremophor Particle size =11.23 * 0.62 nm 1 The permeability of Cur into the cell [58]
Pluronic FI127 Zeta potential = —7.62 + 0.13 mV membrane
PDI = 0.153 + 0.007 Controlled and sustained drug release
EE (%) = 89.43% Effective stability in biological environments
Curcumin + Fusidic acid | Lecithin Particle size =11.23 + 0.62 nm Good stability [47]
Tween 80 Zeta potential = —18% 2.1 and —35+ | Sustained release
Carbopol 934 3.72 mV 1 Solubility and stability than free drugs
PDI = 0.22 + 1.5 to 0.54 + 0.98
EE (%) = 59 + 0.65% to 85 * 0.79%
(Curcumin) and 52.5 + 3.1% to 88 +
3.7% (Fusidic acid)
Lipid Curcumin Polysorbate 80 Particle size =247 *+ 4 nm 1 Bioavailability [70]

nanocapsule

Sorbitan monostearate

Poly(epsiloncaprolactone)

Zeta potential = —34.7 + 3. mV
PDI = NR
EE (%) = near to 100%

1 Brain delivery (likely crosses BBB)

(Continued)
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Table 2 (Continued).

Plurol oleique

EE (%) = 63% to 77%

Lipid Drug Base Composition Characterization Result Reference
Nanocarrier
Curcumin + Meloxicam | Span 60 Particle size = 291 to 312 nm Good colloidal stability [71]
Polysorbate 80 Zeta potential = 22-36 mV Efficient drug loading
Caprylic monostearate PDI = NR Suitable for brain delivery (BBB penetration)
Poly(e-caprolactone) EE (%) = near to 100%
Curcumin + Resveratol | Poly(e-caprolactone) Particle size = 196 + 7.5 nm 1 Curcumin stability (at pH 7.4) and [52]
Polysorbate 80 Zeta potential = —11.4 + 2.] mV bioavailability
Sorbitan monostearate PDI = 0.10 £+ 0.04 1 Anti-inflammatory efficacy
Grape seed oil EE (%) = NR
Niosome Curcumin Cremophore RH Particle size = 212.0 + 0.1 nm High entrapment, better corneal penetration, [82]
Lechitin Zeta potential = =5.1 £ 0.2 mV and stable
Cholesterol PDI = 0.3 £ 0.1
EE (%) = 96.0% + 0.1
Curcumin NR NR Have anti-inflammatory potential and could be | [59]
a promising candidate to alleviate RSV-
associated immunopathology.
Curcumin NR NR Better efficacy in a shorter time [72]
Spanlastic Curcumin Span 80 Particle size = 105.2 nm 1 Solubility, stability, and cellular availability. [80]
Tween 20 Zeta potential = —20.9 mV A potential approach for hepatic targeting.
Cremophor EL PDI = 0.19
EE (%) = 88.4%
Transfersome Curcumin Carbopol-934 NR Enhanced skin penetration compared to plain [53]
curcumin
Optimal particle size, spherical morphology,
high encapsulation efficiency and sustained drug
release profiles
Curcumin Lecithin Particle size = 164 nm Uniformity in the vesicle size distribution [54]
Cholesterol Zeta potential = —4| mV Without significant agglomeration, indicating
Tween 80 PDI = 0.365 good stability of the transfersomal system

Abbreviations: NR, Not reported; EE (%), Entrapment efficiency.
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To better understand their performance, it is important to consider the key physicochemical characteristics that define
SLN systems. SLNs are characterized by their large surface area and small particle size. Particle size, polydispersity
index (PDI), entrapment efficiency, and other metrics can be used to assess the quality of SLN formulations. The primary
constituents of SLNs are surfactants, water, and solid lipids. SLNs typically have a particle size between 50 and 1000 nm,
polydispersity index (PDI < 0.3),'37:13%
release, increase drug stability, and boost bioavailability by encasing both lipophilic and hydrophilic medicines within a

and entrapment efficiency between 40 and 100%."*° SLNs allow controlled drug

solid lipid matrix. SLNs can effectively target particular cells and tissues because of their small particle size, which
enhances drug absorption and penetration through biological barriers. They are adaptable to a range of therapeutic
applications because they can be delivered via parenteral, oral, cutaneous, and rectal channels.'**'**

Wang et al (2012) created curcumin-loaded lipid nanoparticles (curcumin-SLNs) to overcome the low bioavailability
of curcumin and improve its anti-inflammatory activity in allergic asthma. The formulation was created using a solvent
injection approach, which allowed curcumin to be integrated into a solid lipid matrix for greater stability. The
nanoparticles exhibited desirable physicochemical properties, with an average particle size of ~190 nm, a negative
zeta potential of —20.7 mV, and a high entrapment efficiency of 75%, indicating efficient loading and colloidal stability.
X-ray diffraction revealed that the encapsulated curcumin was amorphous, indicating increased solubility and dissolution.
In vitro release studies demonstrated a biphasic release pattern, with an initial burst followed by a sustained release
phase, indicating that the SLN system could provide long-term drug availability. Pharmacokinetic studies in mice have
demonstrated that curcumin-SLNs significantly increase curcumin concentration in the plasma compared to free
curcumin. Furthermore, tissue distribution investigations have revealed increased accumulation in various organs,
including the lungs and liver, which are important sites for asthma pathogenesis. The therapeutic efficacy of the
formulation was investigated in an ovalbumin (OVA)-induced allergic asthma rat model, and curcumin-SLNs exhibited
antiasthmatic activity. The SLN formulation substantially reduced airway hyperresponsiveness, suppressed inflammatory
cell infiltration, and significantly decreased Th2-associated cytokines, including IL-4 and IL-13, in bronchoalveolar
lavage fluid. These improvements were considerably greater in the untreated asthma and free curcumin-treated groups.
Wang et al demonstrated the high potential of solid lipid nanoparticles as a delivery method for improving the anti-
inflammatory activity and pharmacokinetic behavior of curcumin.®”’

Across multiple in vitro and in vivo studies (Tables 1 and 2), curcumin-loaded SLNs consistently demonstrate
enhanced therapeutic performance compared to free curcumin, primarily driven by improved delivery efficiency and
modulation of inflammatory pathways. The core advantage of SLNs lies in their high biocompatibility and biodegrad-
ability, as they are constructed from physiological lipids (generally recognized as GRAS) that ensure low acute and
chronic toxicity. Unlike many polymeric nanoparticles, SLN manufacturing processes, such as high-pressure homoge-
nization, are industrially scalable, cost-effective, and often avoid the use of toxic organic solvents.'**'** In inflammatory
skin disorders such as psoriasis and atopic dermatitis, SLNs significantly reduce keratinocyte hyperproliferation and
suppress key pro-inflammatory cytokines, including IL-23, IL-6, and IL-8. Similar anti-inflammatory effects are observed
in asthma models, where SLNs decrease Th2-associated cytokines (IL-4 and IL-13) and attenuate airway hyperrespon-
siveness. These biological outcomes are supported by the SLN’s solid lipid matrix, which remains solid at body
temperature, providing superior physical stability compared to liposomes and simple emulsions. This solid core acts as
a protective shield for labile phytochemicals like curcumin against light, oxygen, and enzymatic degradation.'** Beyond
anti-inflammatory activity, SLNs also exhibit cytoprotective and antioxidant effects. Several studies report reduced lipid
peroxidation markers such as malondialdehyde (MDA), along with modulation of apoptosis-related proteins, including
decreased caspase-3 activation and increased Bcl-2 expression. In neurodegenerative models, these effects translate into
improved cognitive performance and neuroprotection, suggesting that SLNs may influence both inflammatory and cell
survival pathways. A key advantage of SLNSs lies in their ability to enhance drug delivery and bioavailability. Studies
consistently report increased cellular uptake, prolonged systemic circulation, and improved tissue targeting, including
enhanced permeability across the blood-brain barrier (BBB). Sustained and controlled drug release profiles further
contribute to prolonged therapeutic effects, particularly in chronic inflammatory conditions. These biological outcomes
are closely associated with the physicochemical characteristics of SLNs. Most formulations exhibit particle sizes in the
range of 130-190 nm, negative zeta potentials (approximately —20 to —30 mV), low polydispersity indices (PDI < 0.3),
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and relatively high entrapment efficiencies (typically above 70%). These properties collectively support colloidal stability
and a sustained drug release profile, which is crucial for the chronic management of inflammatory conditions. However,
despite these promising preclinical findings, the transition to clinical application remains limited, highlighting the urgent
need for further investigation into long-term safety, manufacturing scalability, and human clinical trials.

Nanostructured Lipid Carriers (NLCs)

A second-generation lipid-based nanocarrier system called Nanostructured Lipid Carriers (NLCs) was developed to address
the drawbacks of Solid Lipid Nanoparticles (SLNs), including drug ejection, low loading capacity, and instability during
storage.'*>'*® NLCs are colloidal carriers composed of a mixture of liquid and solid lipids that produce a disordered matrix,
which increases the encapsulation effectiveness and permits the incorporation of more drug molecules.'*”'*® While liquid
lipids introduce flaws into the crystalline lattice to enhance flexibility and drug loading capacity, solid lipids preserve
structural integrity. Even at room temperature, the solid-liquid lipid combination usually remains solid, creating a stable
nanocarrier with enhanced physicochemical stability and regulated release properties.' %!

Biocompatible and biodegradable lipids such as fatty acids, triglycerides, and waxes are used to synthesize NLCs.
The dispersion was stabilized by adding appropriate emulsifiers or surfactants.'”' Particle size, encapsulation efficiency,
and release profile are all strongly influenced by the choice of lipid composition and procedural parameters.'>
Particularly in oral delivery systems, small NLCs (approximately 200 nm) typically show superior mucoadhesion and
bioavailability compared to larger particles (>600 nm).'>* Both hydrophilic and lipophilic substances can be encapsulated
using a combination of liquid and solid lipids, thus providing adaptability to a variety of bioactive molecules.'**

NLCs are divided into three main categories based on their internal structure and lipid makeup.'>* The Type-I
disordered lipid matrix (Imperfect Crystal Model) is created by combining liquid and solid lipids with different fatty acid
chain lengths, resulting in voids that improve medication accommodation. Type II (multiple model) enhances medication
solubility and stops leakage during storage by combining liquid and solid lipids to produce tiny oil nanocompartments
inside the solid matrix. To preserve the amorphous, non-crystalline structure and reduce drug expulsion caused by
crystallization, Type III (amorphous model) is created by carefully combining particular lipids such as isopropyl
myristate or hydroxyoctacosanyl hydroxystearate.'>>!>® These structural advantages translate into several functional
benefits. NLCs exhibit improved drug stability, higher loading capacity, and more controlled and prolonged drug release
compared to SLNs.'>” Additionally, they are compatible with multiple administration routes, including topical, oral,
parenteral, ophthalmic, pulmonary, and transdermal delivery.'*’ Their cost-effectiveness, scalability, decreased cytotoxi-
city, and biodegradability make them desirable options for both medicinal and cosmetic formulations.'*® To guarantee
safety for long-term clinical use, potential negative effects such as lipid matrix-related cytotoxicity and surfactant
irritations still need to be carefully optimized.">’

Wang et al investigated phosphatidylserine-modified nanostructured lipid carriers (Cur-mNLCs) as a targeted method
for delivering curcumin to treat liver fibrosis. Surface modification with phosphatidylserine (PS) was employed to
enhance macrophage uptake, given the key role of hepatic macrophages in fibrosis progression. The Cur-mNLCs
demonstrated favorable physicochemical properties, including a particle size of approximately 204 nm, very low PDI
(0.067), high entrapment efficiency (~89%), and a strongly negative zeta potential (—46.29 mV), indicating excellent
stability and uniformity. Functionally, Cur-mNLCs exhibited superior liver-targeting capability compared to unmodified
NLCs and free curcumin, as confirmed by biodistribution studies. This enhanced targeting translated into improved
therapeutic outcomes, including reduced liver enzyme levels (ALT, AST, ALP, and T-Bil), decreased pro-inflammatory
cytokines (TNF-q, IL-1p, IL-6), and suppression of fibrosis markers such as collagen I and a-SMA. Mechanistically, Cur-
mNLCs promoted hepatoprotective pathways by upregulating hepatocyte growth factor (HGF) and MMP-2 activity,
supporting tissue remodeling and fibrosis resolution.””

Beyond individual studies, a broader comparison of multiple NLC formulations (Tables 1 and 2) further highlights
their versatility and superior performance across different inflammatory conditions. The distinctive advantage of NLCs
lies in their mixed solid-liquid lipid core, which creates an imperfect or unstructured matrix. This disordered structure
provides significantly more space for drug molecules, leading to higher drug loading and encapsulation efficiency while

effectively reducing drug leakage or expulsion during storage, a common limitation observed in earlier lipid systems.'*
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In psoriasis models, NLC-based formulations demonstrated enhanced skin penetration, reduced inflammatory cytokines
(TNF-a, IL-6, IL-22, IL-23), and improved restoration of skin structure compared to conventional formulations.
Similarly, in rheumatoid arthritis models, intra-articular administration of CUR-NLC gels provided sustained drug
retention in the joint cavity, significantly reducing inflammation and restoring synovial histology. In gastrointestinal
inflammation, such as inflammatory bowel disease, NLCs showed strong interaction with epithelial barriers (eg., Caco-2
cells), leading to reduced neutrophil infiltration and decreased TNF-a secretion. These findings indicate effective
localized drug delivery and anti-inflammatory action. Notably, across studies, NLCs consistently exhibited favorable
physicochemical characteristics, including particle sizes typically ranging from 95 to 280 nm, low-to-moderate PDI
values, negative zeta potentials, and high entrapment efficiencies (often exceeding 70-90%). These properties contribute
to improved stability, enhanced bioavailability, and sustained drug release. When compared to SLNs, NLCs generally
demonstrate superior drug loading capacity, reduced risk of drug expulsion, and more flexible drug release profiles due to
their less-ordered lipid matrix. This makes NLCs particularly advantageous for delivering hydrophobic bioactive
molecules, especially in chronic inflammatory conditions requiring prolonged and targeted therapy. Overall, NLCs
represent a significant advancement over SLNs, offering improved physicochemical stability, enhanced therapeutic
efficacy, and broader application potential. However, despite promising preclinical outcomes, further studies focusing
on large-scale production, long-term safety, and clinical translation are still required to fully realize their potential in
clinical settings.

Phytosomes

Phytosomes, sometimes referred to as phyto-phospholipid complexes, are vesicular delivery systems intended to improve
the biological performance and absorption of poorly soluble phytochemicals.'*” “Some” denotes a vesicle that resembles
a cell, but “phyto” alludes to plants. They are created by a well-defined complexation process in which phospholipids,
most frequently phosphatidylcholine, interact with naturally occurring plant components such as flavonoids, terpenoids,
or glycosides in an aprotic solvent.'®® The resultant structures were typically spherical vesicles ranging in size from 50 to
100 nm. They are composed of a lipophilic inner layer that holds an herbal extract and a hydrophilic exterior layer made
of phospholipid head groups.'®'™'®* The hydrophilic phytoconstituent is surrounded by the lipid-soluble part of
phosphatidylcholine in this stable molecular complex, which improves membrane permeability and pharmacological

and pharmacokinetic activites. Phytosomes exhibit enhanced bioavailability,'®*

greater encapsulation efficiency, and
stronger physicochemical stability because of their phospholipid head groups and phytomolecule forming chemical
bonds.'®®> Phytosomes also offer several medicinal and formulation benefits. They provide effective trapping without
complicated production processes, facilitate targeted distribution to tissues, and shield delicate phytochemicals from
degradation by stomach enzymes and gut bacteria.'®

Phytosome formation is a result of the long-standing issues associated with herbal remedies. Many phytochemicals
have poor oral bioavailability, which limits their therapeutic potential, even though medicinal plants and their active
ingredients have been used to treat a variety of disorders.'>*'®” Reduced lipid solubility, polyphenolic compounds with
several aromatic rings, and large molecular weights are the common causes of reduced absorption.'®*'®® Many
formulation techniques, including emulsions,'® liposomes, nano-formulations, structural alterations, and prodrug
methods'””!'”! have been investigated to address these issues. Phytosomes have demonstrated the greatest promise
among these techniques for enhancing the bioavailability of herbal compounds.'®

Despite these advantages, studies investigating phytosome-based delivery systems for curcumin in inflammatory
diseases remain relatively limited compared to those for other lipid-based nanocarriers. Unlike liposomes, where the
active ingredients are merely entrapped in the core or bilayer, phytoconstituents in phytosomes are chemically bound
through hydrogen bonding to the phospholipid head groups. This creates a covalent-like complex in which the
phytochemical becomes an integral part of the vesicle membrane rather than a simple guest molecule.'® For example,
Nashaat et al (2023) investigated the use of phytosomes co-loaded with leflunomide (LEF) and curcumin (CUR) as a
novel therapeutic strategy for rheumatoid arthritis (RA). The researchers created several CUR/LEF phytosome formula-
tions for this investigation and assessed their chemical and physical properties. The improved phytosome (F2) performed

the best among all the evaluated formulations. This formulation showed good stability and uniform dispersion, with a
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spherical shape, a particle size of approximately 760 nm, and a strong negative zeta potential (— 55.7 mV). Additionally,
the phytosome formulation exhibited a sustained release profile, attributable to its exceptionally high entrapment
efficiency (>98%). Compared with free curcumin (CUR), free leflunomide (LEF), and their physical mixture, the
CUR/LEF phytosomes significantly reduced paw swelling and inflammatory markers. These findings are further
supported by the phytosome’s superior biopharmaceutical profile for topical and systemic use, demonstrating higher
skin penetration and better physical stability in aqueous systems compared to liposomes, which frequently require freeze-
drying to maintain integrity.'®* Histological examination revealed no discernible signs of arthritis, indicating marked
tissue protection. Collectively, these findings suggest that CUR/LEF phytosomes represent a promising therapeutic
strategy for the treatment of rheumatoid arthritis.*®

Ethosomes

Ethosomes are advanced lipid-based vesicular structures designed to enhance drug delivery via the skin. Ethosomes, are
composed of water, phospholipids, and a high ethanol content (20-45%).'”> Owing to their high ethanol concentration,
ethosomes are significantly more flexible than traditional liposomes, which possess relatively rigid bilayers that often
hinder deep skin penetration.'”® Ethanol content fluidizes the phospholipid bilayer and disrupts the tightly packed lipids
of the stratum corneum, producing soft, ultra-deformable vesicles that can deform and pass through narrow intercellular
skin pathways while retaining their drug cargo. Furthermore, ethanol facilitates the permeation of ethosomes across the
epidermal barrier by loosening intercellular junctions and increasing overall membrane fluidity, thereby enhancing the
delivery efficiency of curcumin into deeper skin layers.'”* Compared to conventional transdermal systems, the shape of
ethosomes allows them to effectively transfer hydrophilic and lipophilic medications into deeper epidermal layers,
thereby increasing bioavailability and improving therapeutic results.'”

Inadequate penetration of previous transdermal systems, including liposomes and transfersomes, has led to the
development of ethosomes. Transfersomes are highly deformable vesicles that pass through small apertures using
osmotic gradients.'’® However, ethanol provides ethosomes with strong penetration-enhancing properties and excellent
flexibility, making them one of the best vesicular carriers for transdermal drug delivery. Various ethosomes have been
developed to maximize their effectiveness. Owing to their high permeability and affordability, classical ethosomes, which
contain phospholipids, ethanol, and water, are the most straightforward and extensively utilized.'”* By synergistically
fluidizing the stratum corneum, binary ethosomes, which include an additional alcohol, such as propylene glycol or
isopropyl alcohol, improve skin permeability.'”” In addition to ethanol and phospholipids, transethosomes contain
surfactants or edge activators (Tween 80, Span 80, and sodium cholate).'”® They can handle larger molecules, such as
peptides and proteins, of up to 325 kDa, owing to the exceptional flexibility of this combination.'””

There are two primary phases in an ethosome-based medication delivery system. First, ethanol reduces membrane
density, increases lipid fluidity, and improves medication solubilization when it interacts with phospholipid heads and the
lipid matrix of the skin. Because of this interaction, ethosomes can more readily pass through the stratum corneum. Second,
flexible ethosomal vesicles fuse with skin lipids in the second stage, which is known as the ethosome effect, and release
their medication content into the deeper layers of the skin. Ethosomes function as skin reservoirs in many formulations,
enabling regulated and prolonged drug release, which helps sustain therapeutic drug levels for extended periods of time. '
Ethosomal delivery technologies have shown promise in systemic therapy for chronic illnesses, such as cancer, diabetes,
and neuropathic pain. Ethosomes are currently used for treatments beyond dermatological applications.

Despite these well-established advantages, studies evaluating curcumin-loaded ethosomes in inflammatory conditions
remain relatively limited. However, as phospholipid vesicles with a high ethanol content, ethosomes offer distinctive
mechanistic advantages over conventional liposomes, SLNs, and NLCs, particularly for dermal and transdermal delivery.
The primary strength of ethosomes lies in their superior skin permeation and depth of penetration; ethanol serves a dual
role by fluidizing both the vesicle bilayer and stratum corneum lipids. This process loosens intercellular junctions and
imparts high deformability, allowing these unusually soft vesicles to squeeze through narrow skin pathways and reach
deeper layers or even systemic circulation more efficiently than classic, rigid nanocarriers.'®' For instance, Zhang et al
developed hyaluronic acid-modified ethosomes (HA-ES) for the targeted delivery of curcumin in psoriasis. The
incorporation of hyaluronic acid aimed to improve stability and enhance targeting via CD44 receptors, which are
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overexpressed in psoriatic skin. The optimized formulation exhibited favorable physicochemical properties, including a
particle size of approximately 181 nm, low PDI (~0.21), a strongly negative zeta potential (—43.2 mV), and high
entrapment efficiency (~82.6%), indicating good stability and uniformity. In vitro studies demonstrated enhanced skin
permeation and prolonged drug availability, whereas in vivo evaluation in a psoriasis mouse model showed significant
therapeutic effects following topical administration. Specifically, HA-ES reduced the expression of key pro-inflammatory
cytokines, including TNF-a, IL-17A, IL-17F, IL-22, and IL-1p, as well as CCR6 protein expression, which is associated
with inflammatory cell recruitment. These findings suggest that ethosomal systems can significantly enhance curcumin
penetration, skin retention, and anti-inflammatory efficacy in topical applications.** However, similar to phytosome-
based systems, the current evidence is limited to a small number of studies, restricting a comprehensive comparison with
other lipid-based nanocarriers such as SLNs and NLCs. Therefore, further investigations are required to validate their
long-term safety, optimize formulation parameters, and establish their clinical potential.

Nanoemulsion
Nanoemulsions are colloidal particulate carriers with droplet sizes typically ranging from 10 to 200 nm, offering
significant therapeutic potential in fields such as oncology and immunology.'®* These systems are categorized into oil-
in-water, water-in-oil, and bi-continuous types, each providing a transparent and stable platform for controlled and
sustained drug release by shielding active compounds from premature degradation. A primary advantage of nanoemul-
sions is their ability to enhance the solubility and release profile of lipophilic medications, particularly for topical and
skin treatments.'®*'® The stability of these emulsions is maintained by essential components, including oils, surfactants,
and co-surfactants (such as ethanol or propylene glycol), which utilize electrostatic interactions and steric hindrance to
prevent common physical instabilities like creaming, sedimentation, or flocculation.'®® The preparation of nanoemulsions
involves both high-energy techniques, such as high-pressure homogenization and ultrasonication, and low-energy
processes that exploit the system’s intrinsic physicochemical properties (eg., EIP and PIT) to generate tiny droplets
efficiently.'®® Because droplet size is a critical factor influencing stability, optical properties, and release behavior,
nanoemulsions are highly adaptable for diverse administration routes, including ocular, transdermal, perioral, and
parenteral delivery.'®”-'®® Furthermore, the small droplet size minimizes gravitational effects during storage and can be
precisely controlled by adjusting the oil-to-surfactant weight ratio. This versatility and ease of large-scale production,
which often requires less surfactant than other colloidal systems, position nanoemulsions as a highly promising strategy
for modern drug delivery.'®>'%°

The therapeutic potential of this platform is further driven by its high solubilization capacity and the ability to protect
sensitive bioactive compounds from gastrointestinal acid, enzymatic degradation, and oxidation. By encapsulating drugs
within oil droplets, nanoemulsions significantly enhance intestinal permeability and oral bioavailability.'**'*' Compared to
micro or macroemulsions, they offer superior stability under harsh pH and temperature conditions, ensuring the protection
of labile drugs throughout their transit. Furthermore, they serve as versatile and safe edible carriers in nutraceuticals while
proving effective across multiple delivery routes, including nasal and intravenous administration.''""'* In specific
applications such as ocular and skin delivery, nanoemulsions increase residence time and permeation while reducing
systemic toxicity compared to conventional suspensions. The practical efficacy of this platform is evidenced by the data
summarized in Tables 1 and 2. For instance, in an in vivo model of ear inflammation, oral administration of a 1% curcumin
nanoemulsion resulted in a significant inhibition of ear edema. This formulation, characterized by a particle size range of
79.5 to 618.6 nm and a stable PDI (0.249-0.369), maintained physical stability for seven days. The improved anti-
inflammatory activity observed in this study is directly attributed to the system’s ability to increase curcumin’s bioavail-
ability and shield it from premature degradation. Overall, the combination of small droplet size, high encapsulation
efficiency, and relatively simple processing makes nanoemulsions a standout strategy for delivering hydrophobic drugs

like curcumin.®

Self-Nanoemulsifying Drug Delivery Systems (SNEDSS)

One of the most effective strategies to overcome the poor solubility of lipophilic compounds is the development of Self-
Nanoemulsifying Drug Delivery Systems (SNEDDS).'** SNEDDS are anhydrous mixtures composed of oils, surfactants,
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and co-surfactants that can spontaneously form fine oil-in-water (o/w) nanoemulsions upon dilution in an aqueous
environment, aided by mild gastrointestinal agitation.'**'*> In this system, the oil phase serves as a solubilizing medium
for lipophilic drugs, while surfactants reduce interfacial tension to facilitate emulsification. Co-surfactants further
enhance the flexibility of the interfacial film and contribute to the thermodynamic stability of the nanoemulsion.'”®
The efficiency and stability of SNEDDS are largely determined by their physicochemical characteristics. Typically, stable
and transparent nanoemulsions exhibit droplet sizes below 100 nm."?” The uniformity of droplet distribution is evaluated
using the polydispersity index (PDI), whereas colloidal stability is assessed through zeta potential measurements, where
values greater than £30 mV indicate good stability.'”® Additionally, high transmittance values (95-100%) suggest the
successful formation of nanosized droplets. Despite substantial evidence demonstrating that SNEDDS can significantly
improve drug solubility and bioavailability, most studies remain limited to single-drug optimization and in vitro
evaluations. Comparative analyses across different drug classes, particularly Biopharmaceutics Classification System
(BCS) Class II and IV drugs, are still scarce. Furthermore, challenges such as large-scale manufacturing, long-term
stability, and regulatory considerations remain insufficiently addressed in current research.'*2%

The therapeutic potential of SNEDDS in managing various inflammatory conditions is well-supported by the
physicochemical and biological data summarized in Tables 1 and 2. As isotropic oil-surfactant pre-concentrates,
SNEDDS stand out from preformed systems like liposomes, SLNs, or NLCs due to their ability to undergo spontaneous
nanoemulsification upon contact with gastrointestinal (GI) fluids. This in situ formation avoids the long-term physical
instability often associated with pre-dispersed products while providing a high interfacial area for drug release.'*="!
Across different studies, curcumin-loaded SNEDDS typically exhibit a particle size range of 32 to 405 nm, with a high
entrapment efficiency (EE) often exceeding 90%. These formulations consistently demonstrate high polydispersity index
(PDI) stability (0.104 to 0.228) and moderate negative zeta potentials (approximately —15 to —18 mV), which collectively
contribute to enhanced curcumin solubility, stability, and dissolution rates. In the context of gastrointestinal inflammation,
such as Inflammatory Bowel Disease (IBD), SNEDDS has proven effective as a localized oral medication. For instance, a
co-delivery system of curcumin and mesalamine formulated as SNEDDS (particle size ~137 nm, EE >79%) showed
significant reduction in pro-inflammatory mediators, including TNF-o, IL-6, and nitric oxide (NO). Notably, these
formulations maintained physical and chemical stability for up to three months and exhibited high cell viability,
confirming their safety for long-term localized treatment.

Furthermore, SNEDDS applications extend to neurodegenerative disorders, such as Alzheimer’s disease. Studies
utilizing curcumin combined with piperine in SNEDDS formulations have reported a significant increase in curcumin
bioavailability when administered orally. In animal models, these systems demonstrated dose-dependent therapeutic
efficacy that outperformed untreated groups and showed effectiveness comparable to standard drugs, such as donepezil.
This enhanced performance is primarily attributed to the system’s ability to protect the bioactive compounds from
degradation and facilitate their absorption through the gastrointestinal barrier, thereby supporting sustained therapeutic
levels in systemic circulation.®

Cubosome
A cubosome is a nanoparticle-based delivery system composed of lipid materials that can form a cubic liquid-crystalline
structure when mixed with water.’? Generally, cubosomes are prepared using lipids such as glyceryl monooleate, and a
stabilizer to maintain the particle structure in dispersion. The internal cubic structure of the cubosomes, which provides a
large surface area and a unique network of water and lipid channels, is what makes it special. This structure allows the
system to efficiently load active compounds and protect them from degradation.’®® Compared with conventional
formulations, cubosomes can provide better drug retention and support a more controlled release of the active substance.
This is especially helpful for curcumin, as it can improve the solubility and stability of the compound in the formulation.
The mechanism of cubosomes is closely related to their small particle size, large surface area, and structured internal phase.
When applied or administered, cubosomes interact well with biological membranes, which may improve the transfer of the
drug to the target site. Its lipid-based composition also helps the system work well in biological environments. In addition, the
internal structure of cubosomes can slow down drug release, which is useful for maintaining the effect of the active compound
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for a longer time. In curcumin formulations, these properties offer important advantages, such as better protection from
degradation, improved drug loading, and enhanced delivery efficiency.”**

These cubosomes, formulated using glyceryl monooleate and pluronic F-127, were characterized for their particle size,
entrapment efficiency, and zeta potential. The optimized formulation (F7) demonstrated excellent entrapment efficiency
(71.24%) and sustained-release properties. In vitro studies confirmed that the formulation showed effective drug release,

making it a promising approach for treating osteomyelitis with enhanced drug delivery and bioavailability.?%>

Lipid Micelles

Lipid micelles are small, spherical aggregates formed by lipid molecules, typically amphiphilic compounds, in an
aqueous environment. These molecules have a hydrophilic (water-loving) head and a hydrophobic (water-repelling)
tail. When placed in water, the hydrophobic tails of the lipids turn inward, while the hydrophilic heads face outward
toward the water, forming a structure that resembles a ball." This self-assembly process allows lipid micelles to act as
solubilizing agents for hydrophobic compounds, making them an effective delivery system for poorly water-soluble
drugs. The size and composition of the micelles can be tailored depending on the drug being delivered, which allows for
customization of the delivery system. One of the key advantages of lipid micelles is their ability to improve the stability
of drugs that are sensitive to environmental factors, such as light and oxygen. By encapsulating these drugs, lipid
micelles can protect them from degradation, ensuring that the active ingredient remains intact until it reaches the target
site. Additionally, the surface properties of lipid micelles can be modified to increase their ability to interact with
biological membranes, facilitating the uptake of the drug by target cells.?

Lipid micelles are commonly formed using surfactants, which are compounds that lower the surface tension between
two substances. These surfactants can be nonionic, anionic, or cationic, and they determine the properties of the micelles,
such as size, charge, and stability. The composition of the surfactant also influences the drug-loading capacity of the
micelles and their ability to release the drug at the appropriate site in the body. The mechanism of drug delivery via lipid
micelles is primarily based on their ability to form stable, water-soluble complexes with hydrophobic drugs, enhancing their
solubility in the bloodstream. Once administered, lipid micelles circulate in the body and can be taken up by cells through
endocytosis. The drugs are then released from the micelles inside the cells, where they can exert their therapeutic effects.’

Lipid Nanocapsule

Lipid nanocapsules (LNCs) are nanosized spherical carriers comprising a solid lipid core surrounded by a phospholipid
monolayer. LNCs offer several advantages over traditional drug delivery systems, such as liposomes and emulsions. One
of the main benefits is their ability to protect encapsulated drugs from degradation due to factors, such as light, heat, and
oxygen. This protection enhances drug stability, ensuring that it remains effective until it reaches the target site in the
body. Additionally, the small size of LNCs (typically ranging from 50 to 200 nm) allows them to easily pass through
biological barriers, such as the blood-brain barrier, thereby improving drug delivery to difficult-to-reach tissues.*

The mechanism of drug delivery using lipid nanocapsules is primarily based on their ability to encapsulate drugs in
the lipid core while maintaining drug stability. When administered, lipid nanocapsules circulate in the bloodstream and
can be taken up by cells through endocytosis. Once inside the cells, the drug is released in a controlled manner, often
triggered by changes in pH, temperature, or enzymatic activity, allowing for targeted therapy. In pharmaceutical
applications, lipid nanocapsules are increasingly being used to delivery a wide range of therapeutic agents, including
anticancer drugs, vaccines, and gene therapies. Their ability to improve drug solubility, enhance stability, and provide
controlled release makes them an attractive option for drug formulations. Additionally, lipid nanocapsules are considered
biocompatible and biodegradable, which further increasing their appeal for clinical applications.’

The study presented quantitative results demonstrating the effects of curcumin and meloxicam co-loaded lipid core
nanocapsules (LCNs) on cognitive impairment in a mouse model of Alzheimer’s disease. The results from the memory
tests, specifically the inhibitory avoidance test and the object recognition test, showed significant improvements in
memory performance. In the inhibitory avoidance test, both meloxicam-loaded and curcumin-loaded LCN formulations
(10 and 5 mg/kg, respectively) showed improvements in memory deficits caused by amyloid-beta peptide infusion,
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compared to the control group. Additionally, curcumin and meloxicam co-loaded LCN (10 mg/kg) showed a significant
reduction in non-aversive memory impairment, demonstrating its potential to attenuate cognitive decline.®

Niosome

Niosomes are vesicular delivery systems primarily composed of non-ionic surfactants and cholesterol, which interact to
assemble into a stable bilayer.”’° The architecture of this bilayer creates a dual-compartment geometry consisting of a
central aqueous core and a surrounding lipid domain. This unique structure enables niosomes to encapsulate a diverse
range of bioactive molecules hydrophilic drugs are housed within the aqueous center, while lipophilic species are
integrated into the lipid bilayer through partitioning.?’® The successful formation of these robust vesicles requires a
precisely controlled hydration medium and, in certain formulations, the addition of charge inducers to prevent particle
fusion and maintain long-term colloidal stability. The physicochemical properties of niosomes, including their dimen-
sions, lamellarity, and surface charge are highly tunable and governed by several variables such as the hydration
medium’s pH, the specific properties of the surfactants, and the chosen synthesis method.>"” Rational design is therefore
critical, as these parameters directly influence essential performance indicators such as encapsulation efficiency, poly-
dispersity, and the controlled release profile of the drug.’*®

Due to their structural flexibility, niosomes have found broad applications ranging from gene therapy and drug
delivery to the protection of sensitive cosmetic agents and antioxidants. Their ability to shield compounds from
premature degradation and facilitate targeted delivery makes them indispensable for the development of personalized
and advanced therapies.’**?'° By adjusting the niosomal design to the specific characteristics of the cargo molecule,
these systems offer an innovative solution to overcome bioavailability and stability limitations, establishing them as a
promising strategy for controlled release across scientific and technological fields."!

The practical application of niosomes in inflammatory therapy is demonstrated by their performance across ocular,
respiratory, and neurological models, as shown in Tables 1 and 2. Compared to other lipid nanocarriers, niosomes offer
broader cargo compatibility and superior structural tunability. They can effectively encapsulate diverse molecules, including
proteins, genes, and vaccines, with adjustable size and surface charge, whereas SLN and NLC primarily favor hydrophobic
drugs.*'? Furthermore, niosomes exhibit better stability than micelles, which often disassemble upon dilution and cause
premature drug release, and they are more reproducible and stable at low temperatures compared to cell-membrane-based
carriers.”'* A key highlight of this versatility is the use of curcumin-niosomes for ocular inflammation, which achieved a high
entrapment efficiency of 96% and a particle size of 212 nm. This formulation provided a sustained drug release over 24 hours
and demonstrated superior corneal penetration. In vivo evaluations revealed that niosomal eye drops facilitated faster healing
within four days, offering an anti-inflammatory effect comparable to standard treatments but with a significantly improved
safety profile, specifically by avoiding increases in intraocular pressure (IOP). Beyond ocular applications, niosomes have
shown substantial potential in systemic and localized inflammatory conditions. In models of Respiratory Syncytial Virus
(RSV) infection, curcumin-loaded niosomes served as a promising candidate to alleviate immunopathology by significantly
reducing the influx of immune cells into the lungs and downregulating key pro-inflammatory mediators, including MIP-1a,
TNF-a, and IFN-y. Similarly, the neuroprotective capacity of niosomal curcumin is evident in neurodegenerative contexts. In
Alzheimer’s rat models, intraperitoneal administration of curcumin niosomes (20 mg/kg) resulted in enhanced memory and
cognitive function while effectively reducing brain damage. This therapeutic outcome was closely linked to the suppression of
the NF-kB signaling pathway. Collectively, these findings suggest that niosomes not only stabilize curcumin but also enhance
its delivery to specific target sites, achieving better therapeutic efficacy in a shorter timeframe compared to conventional
formulations.

Spanlastic

Spanlastic is an elastic vesicular system based on nonionic surfactants that has been developed to enhance drug delivery,
particularly for compounds with poor solubility and limited bioavailability, such as curcumin. This system is designed to
possess a more flexible membrane than conventional vesicles, enabling it to adapt more effectively to biological
barriers*'* his flexibility makes spanlastic an attractive drug carrier because it can improve distribution, enhance

interactions with biological membranes, and support more efficient delivery of active compounds to target tissues.”'
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In the case of curcumin, the use of spanlastic is particularly important because curcumin has substantial pharmaceutical

limitations, including extremely low water solubility,'®

217,218

poor stability, and suboptimal absorption when administered in
its free form.

In general, spanlastic is formed from a primary surfactant as the vesicle-forming component and is combined with an
edge activator to increase membrane elasticity.>'” Unlike more rigid vesicular systems, the presence of an edge activator
in spanlastic reduces bilayer rigidity and allows the vesicles to deform without significant loss of structural stability.*'*
This property is highly important because deformability plays a major role in enabling vesicles to cross biological
barriers and maintain more effective drug delivery.2>*?! In addition, this system can enhance the ability of lipophilic
active compounds to remain in a more readily dispersible form, thereby improving their pharmaceutical performance.
Thus, spanlastic functions not only as a passive carrier but also as a system that directly supports improvement in the
delivery profile of curcumin.?*'

The mechanism of spanlastic is primarily related to the elasticity of the vesicle membrane and its ability to interact
more efficiently with biological surfaces.”'® Upon application, these flexible vesicles can more readily adapt to their
surrounding environment, thereby optimizing contact with the tissue.*?%*?* This supports greater transfer of the drug
from the carrier system to the target site. In addition, the small vesicle size contributes to a larger surface area, which can
ultimately enhance delivery efficiency. In curcumin formulations, these properties provide further advantages, including
protection against degradation, improved loading efficiency, and the potential for more controlled drug release.”*!-***

In one curcumin-based spanlastic formulation, the particle size was 105.2 nm, indicating that the vesicles were within
the nanometer range suitable for promoting favorable interactions with biological membranes. A PDI value of 0.19
indicates a narrow particle size distribution, suggesting that the formulation was relatively homogeneous. A zeta potential
of —20.9 mV indicates sufficient surface charge to help maintain vesicle dispersion, while an entrapment efficiency of
88.4% shows that most of the curcumin was successfully incorporated into the system.*® From a pharmaceutical
perspective, the combination of these parameters indicates that spanlastic is capable of forming a stable, uniform, and
efficient delivery system for carrying the active compound. Such a profile is highly important because it is directly related
to formulation consistency, drug-loading capacity, and potential biological performance.

From a formulation development perspective, spanlastic shows strong promise as a nanocarrier for curcumin.?'%-***
Its elastic vesicles, small particle size, uniform distribution, and high loading capacity indicate that this system has the
potential to improve the performance of curcumin substantially compared to its free form.***' Nevertheless, the
development of spanlastic still requires further investigation, particularly regarding long-term stability, the safety of its
constituent components, formulation reproducibility, and confirmation of biological effectiveness through in vitro, in
vivo, and clinical studies.***** Therefore, although the initial findings appear highly promising, further validation

remains necessary to establish more firmly the potential of spanlastic as a curcumin delivery system.

Transfersome
Transfersomes are lipid-based vesicular systems designed to enhance drug delivery through the skin, particularly for
compounds with limited permeation, such as curcumin. Transfersomes are composed of phospholipids and edge
activators or surfactants that function to increase the elasticity of the vesicular bilayer.?*® Unlike conventional liposomes,
which tend to possess more rigid membranes, transfersomes are highly deformable and can therefore pass through skin
pores that are smaller than the vesicle diameter itself.”*” This ultra-deformable property makes transfersomes one of the
most promising carriers for dermal and transdermal drug delivery, as the vesicles are able to adapt their shape without
undergoing substantial structural damage. In the context of curcumin delivery, this system is particularly relevant because
curcumin exhibits low aqueous solubility, limited stability, and poor bioavailability when administered in its free form.”*®
By incorporating curcumin into transfersomes, the compound can be protected from degradation, remain in contact with
the skin for a longer period, and demonstrate improved penetration into both the epidermal and dermal layers.>

The mechanism of transfersome penetration through the skin is primarily determined by the combination of vesicle
deformability and hydration gradient across the stratum corneum.??® Following topical application, water on the skin
surface gradually evaporates, thereby creating a hydration gradient between the skin surface and the deeper epidermal
layers. This gradient drives transfersomes toward tissues with higher water contents.”?’ At the same time, edge activators
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reduce interfacial tension and enhance vesicle membrane flexibility, enabling transfersomes to penetrate the narrow
intercellular pathways of the stratum corneum.”*%**! Unlike ethosomes, which rely on a high ethanol content to fluidize
both skin lipids and the vesicular bilayer, transfersomes primarily depend on the mechanical deformability of the vesicles
themselves. Therefore, transfersomes are often considered superior in maintaining vesicle integrity during passage
through the skin barrier, while also enabling more efficient drug delivery to target tissues.”*®*** In addition to enhancing
penetration, this system may also support more controlled drug release, thereby maintaining therapeutic concentrations
for a longer period at the site of application.*

Another advantage of transfersomes is in their formulation flexibility and ability to carry both hydrophilic and lipophilic
compounds. The main components of this system generally include phospholipids, such as lecithin, which form the
vesicular structure, as well as surfactants such as Tween 80, Span 80, sodium cholate, or other similar materials that act
as edge activators. The inclusion of these components produces a membrane that is more flexible than that of conventional
vesicular systems.”***** In curcumin delivery, this feature is particularly important because curcumin is a lipophilic
compound that cannot optimally penetrate the skin when administered in the conventional form.>® When incorporated
into transfersomes, curcumin not only shows improved apparent solubility and entrapment efficiency, but may also achieve
more uniform distribution, particle sizes suitable for topical application, and better dispersion stability.”***> From a
pharmaceutical perspective, characteristics such as small particle size, narrow size distribution, adequate zeta potential,
and high encapsulation efficiency are important parameters because they determine system stability, penetration capacity,
and drug release performance.”****°

In one formulation using Carbopol-934, curcumin transfersomes were reported to exhibit enhanced skin penetration
compared with pure curcumin, accompanied by optimal particle size, spherical morphology, high encapsulation effi-
ciency, and a sustained drug release profile. These findings suggest that combining transfersomes with a gel base can
improve formulation retention on the skin surface while maintaining gradual curcumin release, which is important for
prolonging the local therapeutic effect.” In another formulation containing lecithin, cholesterol, Tween 80, and Plurol
oleique, physicochemical characteristics were also found to support system quality, including a particle size of
approximately 164 nm, a zeta potential of —41 mV, a PDI value of 0.365, and entrapment efficiency of 63-77%.
These values indicate a relatively stable vesicular dispersion with a sufficiently uniform size distribution. In addition,
uniform vesicle size distribution without significant agglomeration was also reported, indicating good stability of the
transfersomal system.’* Overall, these parameters reinforce the view that transfersomes are capable of producing a stable
and deformable curcumin delivery system suitable for improving topical penetration.

Nevertheless, similar to other nanovesicular systems, transfersomes still have several limitations that should be
considered. Long-term stability may be influenced by the surfactant composition, phospholipid-to-edge activator ratio,
preparation method, and type of final dosage base used.”*®*** Moreover, although various studies have demonstrated
enhanced penetration and favorable physicochemical characteristics, the number of studies that specifically evaluate the
biological effectiveness of curcumin-loaded transfersomes under particular inflammatory conditions remains limited.>*-*2*
Thus, compared with other systems such as ethosomes, SLN, or NLC, the position of transfersomes still requires further
support through broader comparative studies, whether in vitro, ex vivo, in vivo, or clinical 22%-236-237 However, based on
their distinctive penetration mechanism, very high deformability, and promising formulation characterization results,
transfersomes remain one of the most potential nanocarriers for improving curcumin delivery through the skin and
enhancing its therapeutic effectiveness in both topical and transdermal applications.

Role of Lipid-Based Nanocarriers in Inflammatory Diseases

Inflammation in Skin

The human skin, the largest organ in the body, regulates inflammation, immunology, wound repair, and angiogenesis
through tightly regulated interactions between keratinocytes, immune cells, and structural components.*® This balance is
disturbed and is responsible for major inflammatory skin illnesses including psoriasis and atopic dermatitis (AD).
Psoriasis is a chronic autoimmune disorder caused by the abnormal activation of Th17 and Thl cells. This causes
excessive production of pro-inflammatory cytokines, such as IL-23, IL-17, and TNF-a, leading to uncontrolled
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keratinocyte proliferation and plaque formation.>*® Similarly, AD and psoriasis are caused by a multifactorial interaction
of skin barrier impairment, immune dysregulation, genetic susceptibility, and environmental triggers, resulting in chronic
systemic inflammation characterized by higher circulating leukocytes, lymphocytes, cytokines, and chemokines, with
Th2 pathways dominating AD and Th1/Th17 pathways in psoriasis.*** >** Previously, treatment options were limited to
topical agents or nonspecific systemic immunosuppressants with poor efficacy and safety. However, advances in the
understanding of disease-driven cytokine pathways have enabled the development of modern targeted biologics that
significantly improve therapeutic outcomes.

Drug administration through the skin can have two different therapeutic effects, local (dermal) and systemic (transder-
mal). While topical administration is the most effective route for achieving localized drug delivery, primarily targeting
superficial tissues, transdermal delivery requires deeper penetration and regulated release into the systemic circulation. This
approach has numerous advantages including avoiding first-pass metabolism, minimizing plasma concentration fluctua-
tions, and increasing patient compliance.”***** The large surface area of the skin also allows for efficient drug distribution,
contributing to its increased popularity in recent decades.**>**® Despite these advancements, conventional transdermal
distribution has always been restricted to lipophilic, low-molecular-weight, and non-ionic medicines. The advent of
nanotechnology has expanded the scope of transdermal medicine by allowing the delivery of hydrophilic and ionic
compounds, as well as larger macromolecules. Lipid-based nanocarriers have been shown to improve skin permeability,
patient comfort, and reduce systemic side effects.*”*** Lipid-based nanocarriers are one of the most widely recognized
methods for improving skin delivery, owing to their capacity to improve drug stability, skin hydration, and retention,
ultimately enhancing therapeutic efficacy. Drugs encapsulated in these systems can be transported via intercellular,
transcellular, or appendageal pathways, depending on their molecular and carrier properties.”*’ These features make
lipid-based nanocarriers particularly useful for the treatment of inflammatory skin diseases, where good medication
penetration and regulated release are required to reach deeper diseased areas.

However, despite these advantages, several physiological factors impose important constraints on the performance of
lipid-based nanocarriers in topical and transdermal delivery. The skin surface exhibits a mildly acidic pH (=4.2-5.6),
which can significantly influence nanoparticle stability, including aggregation, lipid integrity, drug leakage, and surface
charge (zeta potential), thereby affecting diffusion behavior. Accordingly, lipid-based nanocarrier formulations should be
compatible with physiological skin pH to minimize instability and irritation.>>* In addition, pH-responsive systems have
been developed to exploit local pH variations in inflamed skin (pH ~5.5-6.5), enabling controlled drug release and
improved targeting efficiency.””' **>* Furthermore, the highly restricted structure of the stratum corneum limits nano-
particle penetration. Theoretical considerations suggest that only very small nanostructures (<5-7 nm for intercellular
lipid pathways and <36 nm for aqueous pores) may diffuse through intact skin, although this remains under debate.**°
Since most lipid-based nanocarriers (eg., SLNs, NLCs, and vesicular systems) typically range from tens to hundreds of
nanometers, they are unlikely to penetrate the skin as intact particles. Instead, their effects are mainly attributed to
occlusion, enhanced hydration of the stratum corneum, and transfollicular delivery via hair follicles, where particles up to
approximately 640 nm may accumulate effectively.”>> Notably, smaller nanocarriers (~20 nm) may exhibit improved
penetration and pH-dependent partitioning in certain systems.*>> Collectively, skin pH and structural constraints play a
critical role in modulating the stability, penetration, and overall performance of lipid-based nanocarriers, thereby directly
influencing their functionality in topical and transdermal applications.

Lipid-based nanocarriers are particularly effective for treating inflammatory skin diseases because they can improve drug
delivery across the skin barrier and facilitate drug localization within epidermal layers. This technique is beneficial for two
primary conditions, psoriasis and atopic dermatitis (AD), both of which are characterized by persistent inflammation and
impaired keratinocyte activity. Psoriasis can be identified by prolonged immunological activation, increased keratinocyte
proliferation, and aberrant differentiation, making medicines less effective on already-resistant skin surfaces.”>* Serini et al
found that curcumin-linolenic acid solid lipid nanoparticles (CU-LNA-SLNs) effectively suppressed psoriatic inflammation
by inhibiting key cytokines, including IL-23, IL-8, and IL-6, as well as by reducing keratinocyte hyperproliferation and cell
death, and reversing increased ferroptosis markers associated with psoriatic lesions.*” Atopic dermatitis is characterized by a
weakened skin barrier, filaggrin deficiency, and Th2-driven inflammation, resulting in poor medication absorption.>> Cassano
et al created linolenic acid-loaded SLNs from curcumin, resveratrol, and capsaicin-derived lipid matrices, which demonstrated
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sustained LNA release for 24 h, substantial antioxidant and anti-inflammatory effects, and a significant reduction in IL-6 levels
in keratinocytes without cytotoxicity.** These results indicate that lipid-based nanocarriers have the potential to improve
penetration, stabilize bioactive chemicals, and deliver targeted anti-inflammatory effects in both psoriasis and atopic
dermatitis, indicating their potential for future topical treatments.

Topical delivery plays a central role in achieving effective curcumin targeting in inflammatory skin disorders, as it
enables direct localization within the epidermis and dermis, the primary sites of pathological changes. Evidence from
Tables 1 and 2 shows that lipid-based nanocarriers, particularly liposomes, SLNs and NLCs, enhance drug retention
within these layers, allowing curcumin to remain concentrated at the site of inflammation. Rather than penetrating deeply
into the systemic circulation, these nanosystems primarily interact with the stratum corneum through hydration effects
and follicular pathways, facilitating localized deposition within the skin. This targeted accumulation has been shown to
significantly increase epidermal drug retention compared to free curcumin, supporting a sustained presence in inflamed
tissues. The ability to maintain curcumin within the epidermal and dermal layers is essential for modulating local
inflammatory responses, including keratinocyte hyperproliferation and cytokine production. In chronic conditions such as
psoriasis and atopic dermatitis, this localized delivery approach is therefore more critical than systemic exposure, as it
enables prolonged therapeutic action directly at the site of inflammation.

Inflammation in Joint and Bone

Joints are highly specialized organs that allow for stability and locomotion by facilitating efficient force transfer, shock
absorption, and smooth frictionless movement. Synovial joints are the most common type of joint in the human body and
are frequently affected by arthritis. They are composed of two articulating bones covered in a capsule bordered by the
synovial membrane, which produces the synovial fluid required for lubrication and nutrient exchange.”>® Importantly, the
synovium does not cover the articular cartilage or meniscus, which are avascular structures that rely only on synovial
fluid for metabolic support.

Joint inflammation usually starts in the synovial membrane, where immunological activation causes excessive
cytokine production, synovial hyperplasia, and infiltration of inflammatory cells.>>’ Sustained activation of T-cells,
B-cells, and macrophages in rheumatoid arthritis (RA) leads to the overproduction of pro-inflammatory mediators
including TNF-a, IL-1B, and IL-6, resulting in pannus, an aggressive fibroinflammatory tissue that erodes cartilage
and bone.”® Osteoarthritis (OA) involves persistent low-grade inflammation caused by mechanical damage and cartilage
degradation, although it also generates DAMPs that excite synovial macrophages.”®® These inflammatory cascades
gradually degrade the cartilage, thicken the synovium, disrupt subchondral bone remodeling, and cause clinically
significant pain, stiffness, and functional degeneration.”®® Arthritis is characterized by chronic joint inflammation that
causes swelling, limited movement, and persistent pain.>>’~" Among the various forms, OA remains the most frequent;
however, RA is a systemic autoimmune illness characterized by bilateral synovial inflammation and progressive joint
degeneration.?"-26?

In addition to synovial inflammation, bone tissue is actively involved in inflammatory musculoskeletal disorders and
plays a critical role in disease progression. Bone remodeling is regulated by a dynamic balance between osteoclast-
mediated resorption and osteoblast-mediated formation.”®> However, this balance is disrupted under inflammatory
conditions. Pro-inflammatory cytokines such as TNF-o, IL-1B, IL-6, and IL-17 promote osteoclastogenesis while
inhibiting osteoblast function, leading to progressive bone loss and structural damage. This imbalance is largely mediated
through the RANK/RANKL/OPG signaling pathway, where immune cells and stromal cells enhance RANKL expression,
thereby accelerating osteoclast differentiation and bone resorption.?®* Clinically, this contributes to periarticular bone
erosion, systemic osteoporosis, and increased fracture risk in chronic inflammatory diseases. Bone tissue can also be
affected by infectious conditions such as osteomyelitis, which presents distinct pathological and therapeutic challenges.

Osteomyelitis is characterized by microbial infection of bone tissue, leading to persistent inflammation, tissue
destruction, and impaired healing. The presence of bacterial biofilms, combined with the dense and relatively poorly
vascularized bone matrix, significantly restricts drug penetration and contributes to suboptimal therapeutic outcomes.*®
Recent studies have explored lipid-based nanocarriers to overcome these limitations. For instance, curcumin-loaded
cubosomes have demonstrated promising physicochemical and functional properties for localized therapy in
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osteomyelitis. The formulation exhibited a particle size of approximately 186 nm, a negative zeta potential (—17.5 mV),
and an entrapment efficiency of 71.24%, indicating suitable nanoscale characteristics and efficient drug loading. In vitro
evaluations further revealed good stability, favorable rheological behavior, and controlled drug release profiles, support-
ing their potential application for localized drug delivery in bone infections.®'

In the context of intra-articular drug delivery, several physiological barriers within the joint environment must also be
considered. Synovial fluid plays a critical role in nutrient transport, however, diffusion within this compartment is
strongly influenced by molecular size, charge, and the dense extracellular environment, which can limit nanoparticle
mobility.?®® In inflamed joints, nanoscale lipid systems may interact extensively with synoviocytes and immune cells,
often resulting in preferential uptake within the synovium rather than direct penetration into cartilage tissue.?*”-**® While
this behavior may be advantageous for synovium-targeted therapies, it can limit effective drug delivery to deeper
cartilage regions. Furthermore, the cartilage matrix presents an additional barrier due to its dense and highly organized
structure. Studies have shown that smaller nanocarriers exhibit significantly better diffusion into cartilage compared to
larger vesicular systems, which demonstrate minimal penetration under similar conditions.”®® The integrity of the
extracellular matrix further influences this process, as matrix degradation can enhance nanoparticle transport.® At the
cellular level, interaction with chondrocytes is also dependent on carrier design, surface modifications, such as cell-
penetrating peptides or charge tuning, can significantly improve cellular association and uptake.?®”’" These findings
highlight that both synovial interactions and cartilage diffusion barriers must be carefully considered when designing
lipid-based nanocarriers for joint-targeted therapy.

Nonsteroidal anti-inflammatory medications (NSAIDs), corticosteroids, and disease-modifying antirheumatic drugs
(DMARDSs) are common pharmacological treatments that modulate cytokine activity and reduce inflammation. However,
the use of these agents is frequently limited by serious side effects. NSAIDs can cause gastrointestinal discomfort,
bleeding, kidney dysfunction, and a high risk of cardiovascular or thromboembolic events.”’> DMARDs can cause
rashes, diarrhea, alopecia, interstitial lung disease, folate insufficiency, and hepatotoxicity.”> Despite their potency as
anti-inflammatory agents, corticosteroids have been linked to systemic complications such as weight gain, fluid retention,
hypertension, diabetes, osteoporosis, increased susceptibility to infection, skin thinning, mood disturbances, and adrenal
suppression when used long-term or at high doses.’’* These limitations highlight the need for safer therapeutic
alternatives and have increased interest in natural anti-inflammatory compounds such as curcumin. In this context,
curcumin-loaded lipid-based nanocarriers, including liposomes, ethosomes, phytosomes, solid lipid nanoparticles
(SLNs), and nanostructured lipid carriers (NLCs), have emerged as promising delivery systems because they may
improve tissue penetration, enhance local retention, enable controlled release, and reduce off-target toxicity.>’*

Yeh et al successfully encapsulated curcumin, a poorly water-soluble polyphenol with established anti-inflammatory
properties, in soybean phosphatidylcholine-based liposomes for osteoarthritis treatment. Curcuminoid-loaded liposomes
showed approximately 70% entrapment efficiency, a consistent particle size, and much higher cellular absorption than
free drugs. Cur-liposomes reduce macrophage-mediated inflammation and inhibit osteoclast differentiation. They also
protect against osteoblast differentiation and mineralization. Curcuminoid liposomes inhibited osteoclastogenesis by
decreasing the levels of inflammatory markers in osteoblasts and increasing the OPG/RANKL ratio when stimulated with
IL-1PB. These findings imply that curcuminoid-loaded liposomes may help reduce OA progression by decreasing
inflammation and maintaining bone homeostasis.”'

Similarly, positive outcomes have been reported in rheumatoid arthritis with intra-articular nanostructured lipid
carriers (NLCs). Shinde et al developed curcumin-loaded NLC smart gels composed of cetyl palmitate, Labrafac PG,
Captex-200, Tween 80, and Labrasol, which were disseminated within Pluronic F-127/F-68 matrices and optimized using
a factorial design. Sterile syringeable CUR-NLC gels remained colloidally stable after gamma sterilization and were
highly biocompatible. In an antigen-induced monoarthritis rat model, CUR-NLC therapy dramatically reduced knee
inflammation compared to free curcumin, eradicating macroscopic swelling, redness, and stiffness. Histological inves-
tigation demonstrated no inflammatory infiltration in the intra-articular cavity, and the treated joints returned to near-
normal morphology by the end of the trial. These findings indicate that lipid-based nanocarriers are promising for

increasing curcumin delivery in both OA and RA, improving joint outcomes while minimizing systemic toxicity.*’
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Collectively, the data from Table 1 and Table 2 highlights that achieving therapeutic efficacy in joint inflammation is
primarily governed by the ability of lipid-based nanocarriers to adapt to the unique physiological barriers of the joint
microenvironment, particularly within the synovial compartment. The evidence consistently indicates that intra-articular
administration and localized delivery systems, such as smart gels, are the most effective strategies for maximizing drug
retention within the joint while minimizing systemic exposure. Rather than relying on extensive penetration into the
dense and avascular cartilage matrix, most nanocarriers preferentially accumulate in the synovium, where they interact
with synoviocytes and immune cells. This localized retention appears to be sufficient to exert significant therapeutic
effects. From a design perspective, particle size and carrier architecture play a critical role in determining intra-articular
behavior. Nanoscale systems generally demonstrate improved stability within synovial fluid and enhanced cellular
interactions, whereas larger vesicular carriers tend to remain confined to the synovial space. In addition, sustained-
release formulations, particularly nanostructured lipid carrier (NLC)-based gels, contribute to prolonged intra-articular
residence time and continuous drug availability, which are essential for maintaining therapeutic efficacy.

Inflammation in Lung

Pulmonary inflammation is a complex pathological process that underlies a wide range of chronic respiratory diseases,
including chronic obstructive pulmonary disease, asthma, pulmonary fibrosis, and acute lung injury.”>>’ The major
challenges in the treatment of lung inflammation include insufficient drug concentration at the target site, systemic side
effects, and limited drug penetration across the epithelial and alveolar barriers. Bioactive compounds such as curcumin
have demonstrated relevant anti-inflammatory and antioxidant activities capable of modulating pulmonary inflammatory
pathways; however, their clinical application is hindered by poor aqueous solubility and low bioavailability. To address
these limitations, liposome-based delivery systems have been developed to enhance curcumin stability and bioavailability
in target tissues while protecting the active compound from degradation.

A critical consideration for pulmonary delivery is the interaction between lipid-based nanocarriers and the alveolar
microenvironment, particularly pneumocytes. Upon inhalation, nanoparticles first encounter the pulmonary surfactant
layer before reaching alveolar epithelial cells (AECs). This surfactant layer can significantly modulate cellular interac-
tions, in some cases reducing nanoparticle uptake by AECs through the formation of mixed surfactant-nanoparticle
aggregates that remain at the interface rather than entering the cells.””> Beyond surfactant interactions, the formation of a
protein or surfactant “corona” from bronchoalveolar lavage fluid (BALF) further influences nanoparticle behavior and
uptake kinetics. For instance, while liposome uptake appears relatively insensitive to corona formation, other lipid
nanostructures such as cubosomes are strongly affected by its composition.?”® The surface properties of these carriers,
including hydrophilicity and charge, also determine their interaction with pneumocytes and their potential for systemic
exposure. More hydrophobic liposomes tend to exhibit greater transcellular transport across the alveolar epithelium,
whereas highly hydrophilic systems show prolonged lung residence with reduced epithelial transport and lower macro-
phage clearance.?’’ Similarly, neutral or negatively charged liposomes are generally more stable in BALF and exhibit
improved mucus permeation, while cationic systems tend to aggregate and undergo rapid phagocytosis.”’®*”® Evidence
from large animal models suggests that systemic exposure primarily results from drug or lipid components released and
absorbed across the epithelium, rather than the transport of intact vesicles through lung lymphatics.>’® Despite these
complex interactions, lipid nanocarriers have demonstrated favorable safety profiles in advanced lung models, showing
effective uptake by both pneumocytes and macrophages without significant cytotoxicity or pro-inflammatory
responses.*’*%!

These mechanistic considerations are supported by experimental studies demonstrating the therapeutic potential of
lipid-based nanocarriers in pulmonary inflammation. Kokkinis et al demonstrated that liposomal curcumin significantly
counteracted the effects of cigarette smoke extract by reducing the expression of pro-inflammatory proteins, including
GM CSF, EGF, and ST2, which were otherwise up-regulated following cigarette smoke exposure. In addition, several
cigarette smoke-induced markers of cellular senescence, such as pl6, p21, osteopontin, basic FGF, and uPar, were
markedly reduced following liposomal curcumin treatment.”® This preclinical evidence indicates that curcumin formu-
lated in liposomal systems is more effective than its free form in reducing the expression of inflammatory mediators and
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markers of cellular senescence induced by irritant exposure, thereby highlighting the potential of this strategy in the
management of inflammatory lung diseases.

Findings from Tables 1 and 2 indicates that the therapeutic efficacy of curcumin in pulmonary diseases is governed by
how effectively lipid-based nanocarriers interact with key target cells in the alveolar region, particularly alveolar
epithelial cells (pneumocytes) and alveolar macrophages. The findings highlight that, although inhalation enables direct
local deposition in the lungs, systemic administration such as intraperitoneal (IP) injection in preclinical models can also
play a critical role in enhancing systemic exposure and subsequent pulmonary accumulation. As shown in Tables 1 and 2,
SLNs with a particle size of approximately 190 nm, delivered via the intraperitoneal route, significantly prolonged
circulation time and increased drug levels in lung tissue. This enhanced distribution is closely associated with improved
modulation of inflammatory pathways, including the suppression of Th2-associated cytokines (IL-4 and IL-13) and
reduction of airway hyperresponsiveness. Such effects are attributed to the nanocarrier’s protective function, which
minimizes premature metabolic degradation and allows sustained delivery to deeper lung regions.

Inflammation in Nerve

Neuroinflammation plays a central role in the progression of neurodegenerative disorders, including Alzheimer’s disease
(AD), in which sustained inflammatory responses are closely linked to amyloid pathology and neuronal dysfunction.®*
The accumulation of amyloid beta peptides within senile plaques not only represents a pathological hallmark of the
disease but also acts as a potent trigger for inflammatory cascades in neural tissue. Curcumin has attracted considerable
interest because of its intrinsic anti-inflammatory and neuroprotective properties, as well as its natural fluorescence and
high affinity for amyloid beta peptides. However, a significant obstacle for curcumin in neural therapy is its inability to
effectively cross the blood-brain barrier (BBB).

In AD, most nanostructures do not simply slip through the BBB via passive diffusion, instead, they must be
engineered to exploit specific transport pathways under defined conditions. The primary mechanism for brain entry is
receptor-mediated transcytosis (RMT), where nanocarriers are functionalized with ligands, such as antibodies or peptides
targeting transferrin, insulin, or low-density lipoprotein receptors, that trigger endocytosis into endothelial cells and
subsequent exocytosis into the brain parenchyma.”®>2% Examples include curcumin-conjugated nanoliposomes or
polysorbate-80-coated particles that mimic endogenous lipoproteins. Additionally, adsorptive-mediated transcytosis
(AMT) can be utilized, where cationic surface modifications enhance electrostatic interactions with negatively charged
endothelial membranes.?***5¢

The feasibility of such crossing is governed by strict physicochemical design windows. Effective BBB-penetration
typically requires a particle size <100 nm (ideally <50 nm for efficient transcytosis), a near-neutral or mildly negative
zeta potential, and high hydrophilicity (often via PEGylation) to prolong systemic circulation.?****> While neuroin-
flammatory conditions such as Alzheimer’s disease may increase BBB permeability, the barrier remains highly restric-
tive, blocking over 98% of small molecules, thus, rational and targeted design remains essential. It is important to
acknowledge that only a small fraction of the administered dose typically reaches the brain parenchyma.?83287-288
Despite this limitation, even low levels of accumulation may still exert therapeutic effects. Preclinical studies have
shown that curcumin-loaded nanoliposomes are well tolerated, reduce amyloid peptide secretion, attenuate neurotoxicity,
and selectively accumulate in pathological regions such as the hippocampus and neocortex.®®

The intricate transport processes of liposome nanocarriers across the BBB are illustrated in Figure 2. The mechanism
of direct penetration (A) is primarily driven by adsorptive-mediated transcytosis, where the electrostatic attraction
between positively charged liposomal surface groups (such as cationic lipids or amino acids) and the negatively charged
endothelial membrane facilitates endocytosis. This internalization can be further enhanced by incorporating cell-pene-
trating peptides (CPPs), such as the TAT peptide, to promote deeper membrane interaction. Alternatively, receptor-
mediated transcytosis (B) utilizes specific ligands that bind to receptors overexpressed on the BBB surface, such as the
transferrin receptor. This highly specific ligand-receptor interaction not only regulates the internalization of the nano-
carrier but also governs its subsequent delivery into the brain parenchyma. Upon successfully bypassing the BBB, these
multi-functional liposomes can be precisely directed toward amyloid-beta (Ap) plaques (C), enabling targeted therapeutic
intervention for Alzheimer’s disease.”®
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Figure 2 Transport process of liposome nanocarriers across the blood-brain barrier (BBB).

The therapeutic effectiveness of curcumin in neuroinflammatory disorders is primarily influenced by the choice of
administration route and the ability of lipid nanocarriers to reach specific brain target sites, including the hippocampus,
neocortex, and amyloid-beta (AP) plaques. The data from Tables 1 and 2 indicate that different delivery routes offer
distinct advantages depending on the targeting objective. Systemic administration, particularly via intraperitoneal
injection in preclinical models, enables distribution to brain tissue and supports accumulation in regions associated
with neurodegeneration. The oral route also demonstrates potential for long-term management by facilitating brain
exposure through systemic circulation. In contrast, localized approaches such as intracranial or intracerebral injection
allow direct and precise delivery to specific brain regions, including areas with AP deposition. Across these strategies,
effective targeting of brain parenchyma and associated pathological sites is essential for enabling localized therapeutic
action. The ability of nanocarriers to reach and localize within these regions ultimately determines the success of

curcumin delivery in neuroinflammatory conditions.

Inflammation in Gastrointestinal

Effective clinical management of gastrointestinal inflammatory disorders, particularly Inflammatory Bowel Disease (IBD)
and Ulcerative Colitis (UC), is frequently obstructed by the formidable and fluctuating physiological landscape of the
digestive tract. Therapeutic agents must navigate a treacherous path characterized by a vast pH gradient, ranging from a
harsh acidic gastric environment to an alkaline intestine, along with enzymatic degradation and a defensive mucus barrier.
These inherent challenges are further compounded by disease-associated pathophysiological alterations, such as accelerated
intestinal transit time and microbial dysbiosis,”®® which collectively impede the retention and accumulation of drugs in
inflamed mucosa. In this context, curcumin has emerged as a therapeutic paradox, and although it possesses potent anti-
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inflammatory properties, its clinical utility is severely compromised by these biopharmaceutical barriers, resulting in
negligible solubility, rapid metabolic clearance, and premature degradation.””' Consequently, engineering lipid-based nano-
carriers has become a critical strategy for shielding curcumin from this hostile environment. Solid Lipid Nanoparticles
(SLNs), in particular, represent a leading approach that effectively circumvents these limitations, significantly enhancing
curcumin’s solubility and bioavailability to ensure optimal therapeutic efficacy in UC management,”' The advantages of
SLNs extend beyond formulation stability to include profound cellular-level mechanisms of action. Based on the findings
of,*> the enhanced anti-inflammatory activity observed with SLN systems is driven by superior cellular uptake by macro-
phages. This increased intracellular accumulation facilitates the precise blockade of the NF-kB signaling pathway. At the
molecular level, SLNs function by preventing the degradation of the inhibitor protein IxBa in the cytoplasm, effectively
halting the translocation of the p65 subunit into the nucleus. This inhibition of gene transcription has been proven to
significantly suppress the production of crucial pro-inflammatory mediators, such as NO, IL-6, TNF-a, and IL-1p, while
also improving cell viability through the prevention of apoptosis, which is difficult to achieve with free curcumin.
Complementing this particulate approach, vesicular systems, such as liposomes, offer targeting strategies that are
responsive to the inflammatory microenvironment. However, the stability of liposomes in the gastrointestinal tract
requires careful consideration. Although acidic gastric conditions (pH ~1-3) are often considered detrimental, several
studies report that many phospholipid/cholesterol-based liposomes remain relatively stable at low pH, showing minimal
leakage and preserving bilayer integrity despite some aggregation or structural changes.”*> 2% Lecithin-based systems,
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for example, retain stability during the gastric phase and tend to destabilize mainly in the intestinal environment,
certain optimized formulations even exhibit enhanced stability under acidic conditions. In contrast, greater destabilization
typically occurs in the intestine, where bile salts and pancreatic enzymes induce membrane disruption, vesicle fusion, and
significant drug release.””***” Therefore, current strategies focus on maintaining gastric stability while enabling
controlled release in the intestinal environment through polymer coating or pH-responsive designs.””® Liposomes can
be engineered as “smart” systems that release their drug payload in response to specific stimuli such as temperature
changes or elevated enzyme levels at inflammation sites. Basak and Das (2025) developed a zwitterionic liposomal
system responsive to phospholipase A2, an enzyme associated with inflammation, to ensure site-specific release of
curcumin.”” In the context of IBD, this capability is crucial because it allows curcumin to be delivered directly to
inflamed intestinal tissues to modulate inflammatory pathways and alleviate oxidative stress, positioning the integration
of these lipid systems as a promising therapeutic modality.**

Oral delivery emerges as the dominant strategy for achieving effective curcumin targeting in gastrointestinal
inflammatory disorders, as reflected by the data summarized in Tables 1 and 2. Lipid-based nanocarriers, including
NLCs, SLNs, and liposomes, consistently facilitate the transport of curcumin through the gastrointestinal tract and
promote its accumulation within inflamed intestinal regions. Rather than relying solely on systemic exposure, these
systems enable localized deposition along the intestinal lining, particularly within the colonic mucosa. Experimental
findings further show that such nanocarriers can closely interact with the intestinal epithelial barrier, as demonstrated by
their uptake in Caco-2 cell models and preferential localization in inflamed tissues. This targeted distribution toward the
intestinal epithelium and underlying mucosal layers plays a central role in supporting localized therapeutic action. The
ability to retain curcumin at these sites is therefore a key determinant in addressing inflammation within the lower
gastrointestinal tract.

Inflammation in Liver

The pathological landscape of hepatic fibrosis is significantly shaped by the dynamic nature of the immune response,
which triggers a sustained inflammatory cascade through the release of potent pro-inflammatory cytokines, such as TNF-
a, IL-6, and IL-1B.°"*°% In this cellular interaction, macrophages especially Kupffer cells and their derivatives serve a
crucial dual function, they can worsen disease progression by releasing fibrogenic mediators, yet they also have the
capacity to promote resolution by degrading scar tissue.”***** The complex interactions among immune cells highlight
the need to target the fibrotic milieu during treatment.’®> In parallel, the liver plays a central role in nanoparticle
biodistribution and systemic elimination. Following systemic administration, nanoparticles are rapidly distributed into
hepatic sinusoids lined by liver sinusoidal endothelial cells (LSECs), where they interact extensively with Kupffer cells,

International Journal of Nanomedicine 2026:21 hetps: 37



Sitompul et al

hepatocytes, and other resident cells.*** % This results in substantial hepatic accumulation (30-99%), making the liver a
primary site of nanoparticle sequestration. Kupffer cells and LSECs exhibit high phagocytic activity, capturing a large
proportion of nanoparticles and thereby limiting their distribution to target tissues.>°” ! Nanoparticles that evade initial
uptake may subsequently interact with hepatocytes and undergo biliary excretion, particularly in lipid-based systems via
ApoE-mediated pathways. These interactions ultimately govern nanoparticle retention, biotransformation, and
clearance.*?%!?

Due to the intricacy of this condition, curcumin is a prospective therapeutic candidate because of its capacity to
mitigate inflammation through the NF-kB pathway and to decrease fibrogenesis via the TGF-1/Smad axis. However, its
clinical application is hindered by intrinsic physical constraints. Curcumin encounters difficulties in permeating dense
hepatic tissues and demonstrates low bioavailability, resulting in insufficient quantities at the target cellular level. The use
of lipid-based nanocarriers, particularly liposomes, has emerged as a key alternative to overcome these delivery issues.
Liposomal formulations containing curcumin have demonstrated considerable improvement in anti-fibrotic efficacy by
specifically targeting Hepatic Stellate Cells (HSCs). The advantage of this system is its ability to optimize cellular
absorption, which enhances the intracellular accumulation of the drug to inhibit proliferation and induce cell death in
activated HSCs. This liposomal intervention effectively inhibited essential TGF-f1 and NF-kB signaling pathways at the
molecular level, resulting in the downregulation of significant fibrosis indicators, including a-SMA and Type I Collagen.
The advantage of this formulation over traditional curcumin has been validated in vivo, as demonstrated by the repair of
hepatic architecture via decreased collagen deposition and lowered levels of liver damage enzymes (ALT and AST).”®

Systemic delivery plays a central role in directing curcumin toward hepatic tissues, as reflected in the data presented
in Tables 1 and 2. Intraperitoneal administration, commonly applied in preclinical models, facilitates distribution into the
liver, where lipid-based nanocarriers can accumulate within the hepatic microenvironment. Following systemic admin-
istration, these nanosystems preferentially localize within key liver compartments, including hepatocytes and hepatic
stellate cells (HSCs), which are the primary cellular drivers of fibrosis. This accumulation is consistent with the liver’s
natural role in nanoparticle uptake and clearance, enabling the effective delivery of curcumin to sites of inflammation and
fibrotic activity. In addition to systemic approaches, liposomal systems demonstrate strong affinity for hepatic stellate
cells in in vitro models, highlighting their potential for more targeted cellular-level delivery. Across these strategies, the
ability to reach and retain curcumin within fibrotic liver tissue is a critical determinant of therapeutic effectiveness.

Inflammation in Eye

Ocular inflammation can arise from a wide range of conditions, including infection, autoimmune disorders, surface
dryness, trauma, surgical interventions, and degenerative diseases, affecting tissues from the ocular surface to the
posterior segment of the eye.>'**'* Dysregulated immune responses, particularly in autoimmune conditions, can target
uveal and retinal tissues, leading to elevated levels of pro-inflammatory mediators such as TNF-a, IL-1p, IL-6, IL-8, IL-
17, and CCL2. These cytokines contribute to the disruption of the inner blood-retinal barrier, promoting vascular
permeability, edema, and progressive tissue damage that may ultimately impair vision.*'> Despite the need for effective
therapy, ocular drug delivery remains highly challenging due to the presence of multiple anatomical and physiological
barriers. The complex multilayered structure of the cornea, sclera, and retina significantly restricts the penetration and
distribution of therapeutic agents. In particular, the transport of nanocarriers is strongly influenced by their physico-
chemical properties, including particle size, surface charge, and composition, which determine their ability to traverse
ocular tissues.>'® In addition to these structural barriers, precorneal factors further limit drug availability. Topically
administered formulations, including nanoparticle-based systems, are rapidly diluted and eliminated through tear turn-
over, reflex blinking, and nasolacrimal drainage, resulting in a short residence time on the ocular surface.’'’
Consequently, effective delivery often requires strategies that enhance mucoadhesion or utilize in situ gelling systems
to prolong contact time. Safety and formulation-related challenges must also be considered in the design of ocular
nanocarriers. Certain polymers and surfactants may induce ocular irritation, toxicity, or transient visual disturbances,
particularly at higher concentrations.*'® Furthermore, nanoparticle aggregation can disrupt the tear film and potentially
obstruct lacrimal drainage pathways.
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Recent studies have demonstrated the potential of lipid-based and vesicular nanocarriers to overcome the limitations
of ocular delivery. For instance, curcumin-loaded niosomes have shown promising results for the treatment of eye
inflammation. The formulation exhibited a particle size of 212.0 £ 0.1 nm, a zeta potential of —5.1 = 0.2 mV, a
polydispersity index (PDI) of 0.3 + 0.1, and a high entrapment efficiency of 96.0% + 0.1, indicating efficient drug
incorporation and nanoscale stability. In vitro studies demonstrated sustained drug release over 24 h, whereas in vivo
evaluation using eye drop administration (50 pL per dose) showed accelerated healing within four days. Notably, the
anti-inflammatory efficacy was comparable to conventional treatments but with reduced side effects, particularly without
an increase in intraocular pressure (IOP). These findings highlight that niosomal systems can enhance corneal penetra-

tion, prolong drug residence time, and improve therapeutic outcomes in ocular inflammation.®*

Conclusions and Future Perspectives
Lipid-based nanocarriers have shown great potential for overcoming the inherent drawbacks of curcumin, such as poor
bioavailability, fast metabolism, and limited aqueous solubility. Researchers have improved stability, entrapment effi-
ciency, tissue penetration, and therapeutic efficacy by adding curcumin to lipid matrices such as liposomes, ethosomes,
phytosomes, SLNs, and NLCs. These platforms have demonstrated better anti-inflammatory, antioxidant, and tissue-
protective properties than free curcumin in both in vitro and in vivo experiments, indicating their potential in the
treatment of a range of inflammation-related illnesses. In addition to lowering oxidative stress and inflammatory
cytokines, these formulations also enhance tissue repair, reduce systemic toxicity, and offer targeted delivery to
disease-specific locations, including psoriatic skin, arthritic joints, liver tissue, and inflamed intestinal mucosa.
However, a critical and balanced analysis reveals that the clinical translation of these nanostructures is still hampered
by significant functional and technical limitations. The actual performance of these carriers is intimately linked to the
harsh physiological environments they encounter; for instance, the structural integrity of lipid vesicles is often challenged
by the acidic “acid mantle” of the skin or the aggressive presence of bile salts and lipases in the gastrointestinal tract.
Furthermore, crossing highly regulated biological barriers, such as the blood-brain barrier, remains restricted to a small
percentage of the administered dose, requiring precise ligand-mediated engineering rather than passive accumulation.
From a manufacturing perspective, the sensitivity of lipid nanostructures to heat and radiation presents a major
challenge for sterilization and large-scale production, often leading to material loss or chemical instability. Other key
limitations include physicochemical instability during storage, batch-to-batch variability, and insufficient evaluation of
long-term safety, particularly for repeated or chronic administration. To address these challenges, future research should
prioritize the development of robust stability-indicating analytical methods, standardized characterization protocols, and
reproducible quality control parameters. Scalable and reliable manufacturing processes must also be established to ensure
consistency beyond laboratory-scale production. Moreover, future studies should incorporate clinically relevant, disease-
specific endpoints rather than relying predominantly on general anti-inflammatory biomarkers, while systematically
evaluating the long-term safety of lipid components and excipients. In conclusion, although lipid-based nanocarriers
represent a promising strategy for enhancing curcumin delivery, their successful clinical translation will depend on
addressing these critical translational barriers. A more integrated understanding of nanocarrier—biological interactions,
combined with advances in formulation design and manufacturing, will be essential to transform these systems from
promising experimental platforms into clinically viable therapeutic solutions.

Acknowledgement

This research is funded by the Indonesian Endowment Fund for Education (LPDP) on behalf of the Indonesian Ministry
of Higher Education, Science and Technology and managed under the EQUITY Program (Contract No. 4303/ B3/
DT.03.08/2025 and 3927/UN6. RKT/HK.07.00/2025).

Disclosure
The authors report no conflicts of interest in this work.

International Journal of Nanomedicine 2026:21 https: 39



Sitompul et al

References

1.

10.
11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Furman D, Campisi J, Verdin E. et al. Chronic inflammation in the etiology of disease across the life span. Nature Med. 2019;25(12):1822—
1832. doi:10.1038/s41591-019-0675-0

. Zhu X, Yue M, Zhang X, et al. Global disease burden of Immune-Mediated Inflammatory Diseases (IMIDs), 1990-2021. Med Research. 2025;1

(2):285-296. doi:10.1002/mdr2.70018

. Luo H. Global burden and cross-country inequalities in six major immune-mediated inflammatory diseases from 1990 to 2021: a systemic

analysis of the Global Burden of Disease Study 2021. Autoimmun Rev. 2024;23(10):103639. doi:10.1016/j.autrev.2024.103639

. Black RJ, Cross M, Haile LM, et al. Global, regional, and national burden of rheumatoid arthritis, 1990-2020, and projections to 2050: a

systematic analysis of the Global Burden of Disease Study 2021. Lancet Rheumatol. 2023;5(10):¢594—e610. doi:10.1016/S2665-9913(23)
00211-4

. Hashim NT, Babiker R, Padmanabhan V, et al. The Global Burden of Periodontal Disease: a Narrative Review on Unveiling Socioeconomic and

Health Challenges. Int J Envir Res Public Health. 2025;22(4):624. doi:10.3390/ijerph22040624

. Chavda VP, Feehan J, Apostolopoulos V. Inflammation: the cause of all diseases. Cells. 2024;13(22):1906. doi:10.3390/cells13221906
. Li X, Li C, Zhang W, et al. Inflammation and aging: signaling pathways and intervention therapies. Signal Transduct Target Ther. 2023;8

(1):239. doi:10.1038/541392-023-01502-8

. Lee J, Taneja V, Vassallo R. Cigarette smoking and inflammation: cellular and molecular mechanisms. J Dent Res. 2012;91(2):142. doi:10.1177/

0022034511421200

. Randeni N, Bordiga M, Xu B. A comprehensive review of the triangular relationship among diet—gut microbiota—inflammation. /nt J Mol Sci.

2024;25(17):9366. doi:10.3390/ijms25179366

Alotiby A. Immunology of stress: a review article. J Clin Med. 2024;13(21):6394. doi:10.3390/jcm13216394

Sotak M, Clark M, Suur BE, Borgeson E. Inflammation and resolution in obesity. Nat Rev Endocrinol. 2025;21(1):45-61. doi:10.1038/s41574-
024-01047-y

Dinarello CA. Anti-inflammatory Agents: present and Future. Cell. 2010;140(6):935. doi:10.1016/j.cell.2010.02.043

Memarzia A, Khazdair MR, Behrouz S, et al. Experimental and clinical reports on anti-inflammatory, antioxidant, and immunomodulatory
effects of Curcuma longa and curcumin, an updated and comprehensive review. Biofactors. 2021;47(3):311-350. doi:10.1002/biof.1716
Hegde M, Girisa S, Bharathwaj Chetty B, Vishwa R, Kunnumakkara AB. Curcumin formulations for better bioavailability: what we learned
from clinical trials thus far? ACS Omega. 2023;8(12):10713-10746. doi:10.1021/acsomega.2c07326

Nahar PP, Slitt AL, Seeram NP. Anti-Inflammatory effects of novel standardized solid lipid curcumin formulations. J Med Food. 2015;18
(7):786—-792. doi:10.1089/jmf.2014.0053

Oronsky B, Caroen S, Reid T. What exactly is inflammation (and what is it not?). Int J Mol Sci. 2022;23(23):14905. doi:10.3390/
ijms232314905

Chen L, Deng H, Cui H, et al. Inflammatory responses and inflammation-associated diseases in organs. Oncotarget. 2017;9(6):7204-7218.
doi:10.18632/oncotarget.23208

Yacine A, Ali MZ, Alharbi AB, Alanaz HQ, Alrahili AS, Alkhdairi AA. Chronic inflammation: a multidisciplinary analysis of shared pathways
in autoimmune, infectious, and degenerative diseases. Cureus. 2025;17.

Abdulkhaleq LA, Assi MA, Abdullah R, et al. The crucial roles of inflammatory mediators in inflammation: a review. Vet World. 2018;11
(5):627. doi:10.14202/vetworld.2018.627-635

Yoshizaki T, Schenk S, Imamura T, et al. SIRT1 inhibits inflammatory pathways in macrophages and modulates insulin sensitivity. Am J Physiol
Endocrinol Metab. 2010;298(3):E419-E428. doi:10.1152/ajpendo.00417.2009

Valacchi G, Virgili F, Cervellati C, Pecorelli A. OxInflammation: from subclinical condition to pathological biomarker. Front Physiol.
2018;9:385233. doi:10.3389/fphys.2018.00858

Ansar W, Ghosh S. Inflammation and Inflammatory Diseases, Markers, and Mediators: role of CRP in Some Inflammatory Diseases. Biol C
React Protein Health Dis. 2016;67-107. doi:10.1007/978-81-322-2680-2_4

Brod S, Perretti M, Acquisto FD, Ono M, Perretti M, D’Acquisto F. The impact of environmental enrichment on the murine inflammatory
immune response. JCI Insight. 2017;2(7). doi:10.1172/jci.insight.90723

UroSevi¢ M, Nikoli¢ L, Gaji¢ I, et al. Curcumin: biological activities and modern pharmaceutical forms. Antibiotics. 2022;11(2):135.
doi:10.3390/antibiotics 11020135

Kotha RR, Luthria DL. Curcumin: biological, pharmaceutical, nutraceutical, and analytical aspects. Molecules. 2019;24(16):2930. doi:10.3390/
molecules24162930

Sharifi-Rad J, Rayess YE, Rizk AA, et al. Turmeric and its major compound curcumin on health: bioactive effects and safety profiles for food,
pharmaceutical, biotechnological and medicinal applications. Front Pharmacol. 2020;11:01021. doi:10.3389/fphar.2020.01021

Xu Q, Lian H, Zhou R, et al. Curcumin and multiple health outcomes: critical umbrella review of intervention meta-analyses. Front Pharmacol.
2025;16:1601204. doi:10.3389/fphar.2025.1601204

Zhu T, Chen Z, Chen G, et al. Curcumin attenuates asthmatic airway inflammation and mucus hypersecretion involving a PPARy -dependent
NF- «B signaling pathway in vivo and in vitro. Mediators Inflamm. 2019;2019:4927430. doi:10.1155/2019/4927430

Li Q, Sun J, Mohammadtursun N, et al. Curcumin inhibits cigarette smoke-induced inflammation via modulating the PPARy-NF-kB signaling
pathway. Food Funct. 2019;10(12):7983-7994. doi:10.1039/C9F002159K

Kahkhaie KR, Mirhosseini A, Aliabadi A, et al. Curcumin: a modulator of inflammatory signaling pathways in the immune system.
Inflammopharmacology. 2019;27(5):885-900. doi:10.1007/s10787-019-00607-3

Hassanzadeh S, Read MI, Bland AR, et al. Curcumin: an inflammasome silencer. Pharmacol Res. 2020;159:104921. doi:10.1016/j.
phrs.2020.104921

Sadeghi A, Rostamirad A, Seyyedebrahimi S, Meshkani R. Curcumin ameliorates palmitate-induced inflammation in skeletal muscle cells by
regulating JNK/NF-kB pathway and ROS production. Inflammopharmacology. 2018;26(5):1265-1272. doi:10.1007/s10787-018-0466-0

Meng Z, Yan C, Deng Q, Gao DF, Niu XL. Curcumin inhibits LPS-induced inflammation in rat vascular smooth muscle cells in vitro via ROS-
relative TLR4-MAPK/NF-«B pathways. Acta Pharmacologica Sinica. 2013;34(7):901-911. doi:10.1038/aps.2013.24

40

https: International Journal of Nanomedicine 2026:21


https://doi.org/10.1038/s41591-019-0675-0
https://doi.org/10.1002/mdr2.70018
https://doi.org/10.1016/j.autrev.2024.103639
https://doi.org/10.1016/S2665-9913(23)00211-4
https://doi.org/10.1016/S2665-9913(23)00211-4
https://doi.org/10.3390/ijerph22040624
https://doi.org/10.3390/cells13221906
https://doi.org/10.1038/s41392-023-01502-8
https://doi.org/10.1177/0022034511421200
https://doi.org/10.1177/0022034511421200
https://doi.org/10.3390/ijms25179366
https://doi.org/10.3390/jcm13216394
https://doi.org/10.1038/s41574-024-01047-y
https://doi.org/10.1038/s41574-024-01047-y
https://doi.org/10.1016/j.cell.2010.02.043
https://doi.org/10.1002/biof.1716
https://doi.org/10.1021/acsomega.2c07326
https://doi.org/10.1089/jmf.2014.0053
https://doi.org/10.3390/ijms232314905
https://doi.org/10.3390/ijms232314905
https://doi.org/10.18632/oncotarget.23208
https://doi.org/10.14202/vetworld.2018.627-635
https://doi.org/10.1152/ajpendo.00417.2009
https://doi.org/10.3389/fphys.2018.00858
https://doi.org/10.1007/978-81-322-2680-2_4
https://doi.org/10.1172/jci.insight.90723
https://doi.org/10.3390/antibiotics11020135
https://doi.org/10.3390/molecules24162930
https://doi.org/10.3390/molecules24162930
https://doi.org/10.3389/fphar.2020.01021
https://doi.org/10.3389/fphar.2025.1601204
https://doi.org/10.1155/2019/4927430
https://doi.org/10.1039/C9FO02159K
https://doi.org/10.1007/s10787-019-00607-3
https://doi.org/10.1016/j.phrs.2020.104921
https://doi.org/10.1016/j.phrs.2020.104921
https://doi.org/10.1007/s10787-018-0466-0
https://doi.org/10.1038/aps.2013.24

Sitompul et al

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

SI.

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

Chowdhury I, Banerjee S, Driss A, et al. Curcumin attenuates proangiogenic and proinflammatory factors in human eutopic endometrial stromal
cells through the NF-kB signaling pathway. J Cell Physiol. 2019;234(5):6298-6312. doi:10.1002/jcp.27360

Chen G, Liu S, Pan R, et al. Curcumin attenuates gp120-Induced microglial inflammation by inhibiting autophagy via the PI3K pathway. Cel/
Mol Neurobiol. 2018;38(8):1465-1477. doi:10.1007/s10571-018-0616-3

Rahimi K, Ahmadi A, Hassanzadeh K, et al. Targeting the balance of T helper cell responses by curcumin in inflammatory and autoimmune
states. Autoimmun Rev. 2019;18(7):738-748. doi:10.1016/j.autrev.2019.05.012

Zhang W, Liu X, Zhu Y, et al. Transcriptional and posttranslational regulation of Th17/Treg balance in health and disease. Eur J Immunol.
2021;51(9):2137-2150. doi:10.1002/¢ji.202048794

Chang Y, Zhai L, Peng J, et al. Phytochemicals as regulators of Th17/Treg balance in inflammatory bowel diseases. Biomed Pharmacother.
2021;141:111931. doi:10.1016/j.biopha.2021.111931

Serini S, Trombino S, Cassano R, Marino M, Calviello G. Anti-Inflammatory effects of curcumin-based nanoparticles containing o-linolenic
acid in a model of psoriasis in vitro. Nutrients. 2025;17(4):692. doi:10.3390/nu17040692

Cassano R, Serini S, Curcio F, Trombino S, Calviello G. Preparation and study of solid lipid nanoparticles based on curcumin, resveratrol and
capsaicin containing linolenic acid. Pharmaceutics. 2022;14(8):1593. doi:10.3390/pharmaceutics 14081593

Jain H, Geetanjali D, Dalvi H, et al. Liposome mediated topical delivery of Ibrutinib and Curcumin as a synergistic approach to combat
imiquimod induced psoriasis. J Drug Deliv Sci Technol. 2022;68:103103. doi:10.1016/j.jddst.2022.103103

Jain H, Devabattula G, Bhat A, et al. Topical delivery of Bruton’s tyrosine kinase inhibitor and curcumin-loaded nanostructured lipid carrier gel:
repurposing strategy for the psoriasis management. Pharm Dev Technol. 2022;27(9):975-988. doi:10.1080/10837450.2022.2142610
Kesharwani P, Jain A, Srivastava AK, Keshari MK. Systematic development and characterization of curcumin-loaded nanogel for topical
application. Drug Dev Ind Pharm. 2020;46(9):1443-1457. doi:10.1080/03639045.2020.1793998

Zhang Y, Xia Q, Li Y, et al. CD44 assists the topical anti-psoriatic efficacy of curcumin-loaded hyaluronan-modified ethosomes: a new strategy
for clustering drug in inflammatory skin. Theranostics. 2019;9(1):48—64. doi:10.7150/thno.29715

Wang X, Jiang Y, Wang Y-W, et al. Enhancing anti-inflammation activity of curcumin through O/W nanoemulsions. Food Chem. 2008;108
(2):419-424. doi:10.1016/j.foodchem.2007.10.086

Abdullah EM, Tawfik A, Fadel M, et al. Photodynamic therapy of tinea capitis in children using curcumin loaded in nanospanlastics: a
randomized controlled comparative clinical study. J Drug Deliv Sci Technol. 2022;74:103496. doi:10.1016/j.jddst.2022.103496
Abdel-monem R, El-leithy ES, Alaa-Eldin AA, Abdel-Rashid RS. Curcumin/Fusidic acid bitherapy loaded mixed micellar nanogel for acne
vulgaris treatment: in vitro and in vivo studies. A4PS PharmSciTech. 2023;24(7). doi:10.1208/s12249-023-02641-5

Nashaat D, Elsabahy M, Hassanein KMA, El-Gindy GA, Ibrahim EH. Development and in vivo evaluation of therapeutic phytosomes for
alleviation of rheumatoid arthritis. /nt J Pharm. 2023;644:123332. doi:10.1016/j.ijpharm.2023.123332

Shinde C, Venkatesh MP, Pramod Kumar T, Pai DR. Nanostructured lipid carrier-based smart gel: a delivery platform for intra-articular
therapeutics. Autoimmunity. 2021;54(1):35-44. doi:10.1080/08916934.2020.1846184

Capini C, Jaturanpinyo M, Chang H-I, et al. Antigen-specific suppression of inflammatory arthritis using liposomes. J Immunol. 2009;182
(6):3556-3565. doi:10.4049/jimmunol.0802972

Yeh CC, Su Y-H, Lin Y-J, et al. Evaluation of the protective effects of curcuminoid (curcumin and bisdemethoxycurcumin)-loaded liposomes
against bone turnover in a cell-based model of osteoarthritis. Drug Des Devel Ther. 2015;9:2285-2300. doi:10.2147/DDDT.S78277

Coradini K, Friedrich RB, Fonseca FN, et al. A novel approach to arthritis treatment based on resveratrol and curcumin co-encapsulated in
lipid-core nanocapsules: in vivo studies. Eur J Pharmaceut Sci. 2015;78:163—170. doi:10.1016/j.ejps.2015.07.012

Sana E, Zeeshan M, Ain QU, et al. Topical delivery of curcumin-loaded transfersomes gel ameliorated rheumatoid arthritis by inhibiting NF-xf3
pathway. Nanomedicine. 2021;16(10):819-837. doi:10.2217/nnm-2020-0316

Balasubramanyam P, Sudheer P, Sreeharsha N, Nair AB, Ramachandra DP. Transfersomes mediated transdermal delivery of curcumin: in vitro
and in vivo evaluation. Pharmaceutical Sci. 2025;31(2):203-215. doi:10.34172/PS.025.40996

Kokkinis S, De Rubis G, Paudel KR, et al. Liposomal curcumin inhibits cigarette smoke induced senescence and inflammation in human
bronchial epithelial cells. Pathol Res Pract. 2024;260:155423. doi:10.1016/j.prp.2024.155423

Ng ZY, Wong J-Y, Panneerselvam J, et al. Assessing the potential of liposomes loaded with curcumin as a therapeutic intervention in asthma.
Colloids Surf B Biointerfaces. 2018;172:51-59. doi:10.1016/j.colsurfb.2018.08.027

Wang W, Zhu R, Xie Q, et al. Enhanced bioavailability and efficiency of curcumin for the treatment of asthma by its formulation in solid lipid
nanoparticles. Int J Nanomed. 2012;7:3667. doi:10.2147/1JN.S30428

Wang X, Wang Y, Tang T, et al. Curcumin-Loaded RH60/F127 mixed micelles: characterization, biopharmaceutical characters and anti-
inflammatory modulation of airway inflammation. Pharmaceutics. 2023;15(12):2710. doi:10.3390/pharmaceutics15122710

Samadizadeh S, Arabi MS, Yasaghi M, et al. Anti-inflammatory effects of curcumin-loaded niosomes on respiratory syncytial virus infection in
a mice model. J Med Microbiol. 2022;71(4). doi:10.1099/jmm.0.001525

Sokolik VV, Berchenko OG. The cumulative eftect of the combined action of miR-101 and curcumin in a liposome on a model of Alzheimer’s
disease in mononuclear cells. Front Cell Neurosci. 2023;17. doi:10.3389/fncel.2023.1169980

Campisi A, Sposito G, Pellitteri R, et al. Effect of unloaded and curcumin-loaded solid lipid nanoparticles on tissue transglutaminase isoforms
expression levels in an experimental model of Alzheimer’s disease. Antioxidants. 2022;11(10). doi:10.3390/antiox11101863

Fernandes M, Lopes I, Magalhdes L, et al. Novel concept of exosome-like liposomes for the treatment of Alzheimer’s disease. J Controll
Release. 2021;336:130-143. doi:10.1016/j.jconrel.2021.06.018

Kuo YC, Lin CC. Rescuing apoptotic neurons in Alzheimer’s disease using wheat germ agglutinin-conjugated and cardiolipin-conjugated
liposomes with encapsulated nerve growth factor and curcumin. /nt J Nanomed. 2015;10:2653-2672. doi:10.2147/1JN.S79528

Mourtas S, Lazar AN, Markoutsa E, Duyckaerts C, Antimisiaris SG. Multifunctional nanoliposomes with curcumin-lipid derivative and brain
targeting functionality with potential applications for Alzheimer disease. Eur J Med Chem. 2014;80:175-183. doi:10.1016/].
ejmech.2014.04.050

Lazar AN, Mourtas S, Youssef I, et al. Curcumin-conjugated nanoliposomes with high affinity for AP deposits: possible applications to
Alzheimer disease. Nanomedicine. 2013;9(5):712-721. doi:10.1016/j.nan0.2012.11.004

International Journal of Nanomedicine 2026:21 https: 41


https://doi.org/10.1002/jcp.27360
https://doi.org/10.1007/s10571-018-0616-3
https://doi.org/10.1016/j.autrev.2019.05.012
https://doi.org/10.1002/eji.202048794
https://doi.org/10.1016/j.biopha.2021.111931
https://doi.org/10.3390/nu17040692
https://doi.org/10.3390/pharmaceutics14081593
https://doi.org/10.1016/j.jddst.2022.103103
https://doi.org/10.1080/10837450.2022.2142610
https://doi.org/10.1080/03639045.2020.1793998
https://doi.org/10.7150/thno.29715
https://doi.org/10.1016/j.foodchem.2007.10.086
https://doi.org/10.1016/j.jddst.2022.103496
https://doi.org/10.1208/s12249-023-02641-5
https://doi.org/10.1016/j.ijpharm.2023.123332
https://doi.org/10.1080/08916934.2020.1846184
https://doi.org/10.4049/jimmunol.0802972
https://doi.org/10.2147/DDDT.S78277
https://doi.org/10.1016/j.ejps.2015.07.012
https://doi.org/10.2217/nnm-2020-0316
https://doi.org/10.34172/PS.025.40996
https://doi.org/10.1016/j.prp.2024.155423
https://doi.org/10.1016/j.colsurfb.2018.08.027
https://doi.org/10.2147/IJN.S30428
https://doi.org/10.3390/pharmaceutics15122710
https://doi.org/10.1099/jmm.0.001525
https://doi.org/10.3389/fncel.2023.1169980
https://doi.org/10.3390/antiox11101863
https://doi.org/10.1016/j.jconrel.2021.06.018
https://doi.org/10.2147/IJN.S79528
https://doi.org/10.1016/j.ejmech.2014.04.050
https://doi.org/10.1016/j.ejmech.2014.04.050
https://doi.org/10.1016/j.nano.2012.11.004

Sitom

pul et al

66

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.
84.

85.

86.

87.

88.

89.

90.
91.

92.

93.

94.

95.

96.

97.

98.

. Agarwal NB, Jain S, Nagpal D, et al. Liposomal formulation of curcumin attenuates seizures in different experimental models of epilepsy in
mice. Fundam Clin Pharmacol. 2013;27(2):169-172. doi:10.1111/j.1472-8206.2011.01002.x

Kakkar V, Kaur IP. Evaluating potential of curcumin loaded solid lipid nanoparticles in aluminium induced behavioural, biochemical and
histopathological alterations in mice brain. Food Chem Toxicol. 2011;49(11):2906-2913. doi:10.1016/j.fct.2011.08.006

Mourtas S, Canovi M, Zona C, et al. Curcumin-decorated nanoliposomes with very high affinity for amyloid-p1-42 peptide. Biomaterials.
2011;32(6):1635-1645. doi:10.1016/j.biomaterials.2010.10.027

Ahmad S, Hafeez A. Formulation and development of curcumin-piperine-loaded S-SNEDDS for the treatment of Alzheimer’s disease. Mol
Neurobiol. 2023;60(2):1067-1082. doi:10.1007/512035-022-03089-7

Giacomeli R, Izoton JC, Dos Santos RB, et al. Neuroprotective effects of curcumin lipid-core nanocapsules in a model Alzheimer’s disease
induced by B-amyloid 1-42 peptide in aged female mice. Brain Res. 2019;1721:146325. doi:10.1016/j.brainres.2019.146325

Gutierrez MEZ, Savall AP, da Luz Abreu E, et al. Co-nanoencapsulated meloxicam and curcumin improves cognitive impairment induced by
amyloid-beta through modulation of cyclooxygenase-2 in mice. Neural Regen Res. 2021;16(4):783-789. doi:10.4103/1673-5374.295339
Asani E, Hatami H, Hamidian G, Hatami S. Investigating the effects of niosome curcumin on the alteration of NF-kB gene expression and
memory and learning in the prefrontal cortex of Alzheimer’s rats. Mol Neurobiol. 2025;62(10):13707-13721. doi:10.1007/s12035-025-05148-1
Wang C, Han Z, Wu Y, et al. Enhancing stability and anti-inflammatory properties of curcumin in ulcerative colitis therapy using liposomes
mediated colon-specific drug delivery system. Food Chem Toxicol. 2021;151:112123. doi:10.1016/j.fct.2021.112123

Sharma M, Sharma S, Wadhwa J. Improved uptake and therapeutic intervention of curcumin via designing binary lipid nanoparticulate
formulation for oral delivery in inflammatory bowel disorder. Artif Cells Nanomed Biotechnol. 2019;47(1):45-55. doi:10.1080/
21691401.2018.1543191

Hou Y, Wang H, Zhang F, et al. Novel self-nanomicellizing solid dispersion based on rebaudioside A: a potential nanoplatform for oral delivery
of curcumin. Int J Nanomedicine. 2019;14:557. do0i:10.2147/IIN.S191337

Beloqui A, Memvanga PB, Coco R, et al. A comparative study of curcumin-loaded lipid-based nanocarriers in the treatment of inflammatory
bowel disease. Colloids Surf B Biointerfaces. 2016;143:327-335. doi:10.1016/j.colsurfb.2016.03.038

Kamal R, Chauhan A, Dhiman S, et al. QbD-Oriented Optimisation of Dual Drug-Loaded SNEDDS of Mesalamine and Curcumin for
Enhanced Oral Delivery in Inflammatory Bowel Disease. J Pharmaceut Innovat. 2026;21(4):339. doi:10.1007/s12247-026-10610-1

Zhang T, Li Y, Song Y, et al. Curcumin- and Cyclopamine-Loaded Liposomes to Enhance Therapeutic Efficacy Against Hepatic Fibrosis. Drug
Des Devel Ther. 2020;14:5667-5678. doi:10.2147/DDDT.S287442

Wanga J, Pan W, Wang Y, et al. Enhanced efficacy of curcumin with phosphatidylserine-decorated nanoparticles in the treatment of hepatic
fibrosis. Drug Deliv. 2017;25(1):1. doi:10.1080/10717544.2017.1399301

Ahmed S, Saher O, ElBishbishy RM, Ibrahim MM. Revolutionary hyaluronic acid-modified edge-activated spanlastics as a novel approach to
boost Hepatoprotective activity of Curcumin: optimization, biochemical analysis and in-vivo assessment. /nt J Pharm X. 2025;10.

Vishal Gupta N, Jain SC, Jain V, Ravi G. Development, characterization and evaluation of cubosomes loaded smart gel for the treatment of
osteomyelitis using 3 2 factorial design. Indian J Pharmaceutical Educat Res. 2023;57(3):695-702.

Aboali FA, Habib DA, Elbedaiwy HM, Farid RM. Curcumin-loaded proniosomal gel as a biofreindly alternative for treatment of ocular
inflammation: in-vitro and in-vivo assessment. /nt J Pharm. 2020;589:119835. doi:10.1016/.ijpharm.2020.119835

Chakravarty M, Vora A. Nanotechnology-based antiviral therapeutics. Drug Deliver Translat Res. 2020;11:748-787.

Jahangir MA, Taleuzzaman M, Kala C, Gilani SJ. Advancements in polymer and lipid-based nanotherapeutics for cancer drug targeting. Curr
Pharm Des. 2020;26(40):5119-5127. doi:10.2174/1381612826999200820173253

Wacker M. Nanocarriers for intravenous injection - The long hard road to the market. /nt J Pharm. 2013;457(1):50-62. doi:10.1016/j.
ijpharm.2013.08.079

Lu H, Zhang S, Wang J, Chen Q. A review on polymer and lipid-based nanocarriers and its application to nano-pharmaceutical and food-based
systems. Front Nutr. 2021;8. doi:10.3389/fnut.2021.783831

Moniruzzaman M, Min T. Curcumin, curcumin nanoparticles and curcumin nanospheres: a review on their pharmacodynamics based on
monogastric farm animal, poultry and fish nutrition. Pharmaceutics. 2020;12(5):447. doi:10.3390/pharmaceutics12050447

Can Karaca A, Rezaei A, Qamar M, et al. Lipid-based nanodelivery systems of curcumin: recent advances, approaches, and applications. Food
Chem. 2025;463:141193. doi:10.1016/j.foodchem.2024.141193

Puri A, Loomis K, Smith B, et al. Lipid-based nanoparticles as pharmaceutical drug carriers: from concepts to clinic. Crit Rev Ther Drug
Carrier Syst. 2009;26(6):523-580. doi:10.1615/CritRevTherDrugCarrierSyst.v26.i6.10

Xu L, Wang X, Liu Y, et al. Lipid nanoparticles for drug delivery. Adv Nanobiomed Res. 2022;2(2):2100109. doi:10.1002/anbr.202100109
Mora-Huertas CE, Fessi H, Elaissari A. Polymer-based nanocapsules for drug delivery. Int J Pharm. 2010;385(1-2):113-142. doi:10.1016/;.
ijpharm.2009.10.018

Yu C, Shan J, Ju H, Chen X, Xu G, Wu Y. Construction of a ternary composite colloidal structure of zein/soy protein isolate/sodium
carboxymethyl cellulose to deliver curcumin and improve its bioavailability. Foods. 2023;12:2692.

Fu L, Tan S, Si R, et al. Characterization, stability and antioxidant activity of curcumin nanocomplexes with soy protein isolate and pectin. Curr
Res Food Sci. 2023;6:100530. doi:10.1016/j.crfs.2023.100530

Marques C, Maurizi L, Borchard G, Jordan O. Characterization challenges of self-assembled polymer-spions nanoparticles: benefits of
orthogonal methods. Int J Mol Sci. 2022;23(24):16124. doi:10.3390/ijms232416124

Rasmussen MK, Pedersen JN, Marie R. Size and surface charge characterization of nanoparticles with a salt gradient. Nat Commun. 2020;11(1).
doi:10.1038/541467-020-15889-3

Smith MC, Crist RM, Clogston JD, McNeil SE. Zeta potential: a case study of cationic, anionic, and neutral liposomes. Anal Bioanal Chem.
2017;409(24):5779-5787. doi:10.1007/s00216-017-0527-z

Chuah LH, Billa N, Roberts CJ, Burley JC, Manickam S. Curcumin-containing chitosan nanoparticles as a potential mucoadhesive delivery
system to the colon. Pharm Dev Technol. 2013;18(3):591-599. doi:10.3109/10837450.2011.640688

Moore TL, Rodriguez-Lorenzo L, Hirsch V, et al. Nanoparticle colloidal stability in cell culture media and impact on cellular interactions. Chem
Soc Rev. 2015;44(17):6287-6305. doi:10.1039/C4CS00487F

12

https: International Journal of Nanomedicine 2026:21


https://doi.org/10.1111/j.1472-8206.2011.01002.x
https://doi.org/10.1016/j.fct.2011.08.006
https://doi.org/10.1016/j.biomaterials.2010.10.027
https://doi.org/10.1007/s12035-022-03089-7
https://doi.org/10.1016/j.brainres.2019.146325
https://doi.org/10.4103/1673-5374.295339
https://doi.org/10.1007/s12035-025-05148-1
https://doi.org/10.1016/j.fct.2021.112123
https://doi.org/10.1080/21691401.2018.1543191
https://doi.org/10.1080/21691401.2018.1543191
https://doi.org/10.2147/IJN.S191337
https://doi.org/10.1016/j.colsurfb.2016.03.038
https://doi.org/10.1007/s12247-026-10610-1
https://doi.org/10.2147/DDDT.S287442
https://doi.org/10.1080/10717544.2017.1399301
https://doi.org/10.1016/j.ijpharm.2020.119835
https://doi.org/10.2174/1381612826999200820173253
https://doi.org/10.1016/j.ijpharm.2013.08.079
https://doi.org/10.1016/j.ijpharm.2013.08.079
https://doi.org/10.3389/fnut.2021.783831
https://doi.org/10.3390/pharmaceutics12050447
https://doi.org/10.1016/j.foodchem.2024.141193
https://doi.org/10.1615/CritRevTherDrugCarrierSyst.v26.i6.10
https://doi.org/10.1002/anbr.202100109
https://doi.org/10.1016/j.ijpharm.2009.10.018
https://doi.org/10.1016/j.ijpharm.2009.10.018
https://doi.org/10.1016/j.crfs.2023.100530
https://doi.org/10.3390/ijms232416124
https://doi.org/10.1038/s41467-020-15889-3
https://doi.org/10.1007/s00216-017-0527-z
https://doi.org/10.3109/10837450.2011.640688
https://doi.org/10.1039/C4CS00487F

Sitompul et al

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.
115.

116.

117.

118.

119.

120.

121.

122.

123.

124.
125.

126.
127.

128.
129.
130.
131.
132.

133.

Carvalho PM, Felicio MR, Santos NC, Gongalves S, Domingues MM. Application of light scattering techniques to nanoparticle characterization
and development. Front Chem. 2018;6:237. doi:10.3389/fchem.2018.00237

Ruozi B, Belletti D, Tombesi A, et al. AFM, ESEM, TEM, and CLSM in liposomal characterization: a comparative study. /nt J Nanomedicine.
2011;6:557-563. doi:10.2147/1IN.S14615

Zhigaltsev 1V, Cullis PR. Morphological behavior of liposomes and lipid nanoparticles. Langmuir. 2023;39(9):3185-3193. doi:10.1021/acs.
langmuir.2c02794

Battaglia L, Gallarate M. Lipid nanoparticles: state of the art, new preparation methods and challenges in drug delivery. Expert Opin Drug
Deliv. 2012;9(5):497-508. doi:10.1517/17425247.2012.673278

Paese K, Ortiz M, Frank LA, et al. Production of isotonic, sterile, and kinetically stable lipid-core nanocapsules for injectable administration.
AAPS PharmSciTech. 2017;18(1):212-223. doi:10.1208/s12249-016-0493-3

El-Salamouni NS, Farid RM, El-Kamel AH, El-Gamal SS. Effect of sterilization on the physical stability of brimonidine-loaded solid lipid
nanoparticles and nanostructured lipid carriers. Int J Pharm. 2015;496(2):976-983. doi:10.1016/j.ijpharm.2015.10.043

Tapia-Guerrero YS, Del Prado-Audelo ML, Borbolla-Jiménez FV, et al. Effect of UV and gamma irradiation sterilization processes in the
properties of different polymeric nanoparticles for biomedical applications. Materials. 2020;13(5):1090. doi:10.3390/mal13051090
Bernal-Chavez SA, Del Prado-Audelo ML, Caballero-Floran IH, et al. Insights into terminal sterilization processes of nanoparticles for
biomedical applications. Molecules. 2021;26(7):2068. doi:10.3390/molecules26072068

Kannan K, Kannan K. Effect of the moist-heat sterilization on fabricated nanoscale solid lipid particles containing rasagiline mesylate. Int J
Pharm Investig. 2015;5(2):87. do0i:10.4103/2230-973X.153383

Vetten MA, Yah CS, Singh T, Gulumian M. Challenges facing sterilization and depyrogenation of nanoparticles: effects on structural stability
and biomedical applications. Nanomedicine. 2014;10(7):1391-1399. doi:10.1016/j.nan0.2014.03.017

Delma KL, Penoy N, Sakira AK, et al. Use of supercritical CO2 for the sterilization of liposomes: study of the influence of sterilization
conditions on the chemical and physical stability of phospholipids and liposomes. Eur J Pharmaceut Biopharmaceut. 2023;183:112—118.
doi:10.1016/j.ejpb.2023.01.002

Mazhar A, El-Hansi NS, Shafaa MW, Shalaby MS. Radiation sterilization of liposomes: a literature review. Radiat Phys Chem.
2024;218:111592. doi:10.1016/j.radphyschem.2024.111592

Mehta M, Bui TA, Yang X, et al. Lipid-Based nanoparticles for drug/gene delivery: an overview of the production techniques and difficulties
encountered in their industrial development. ACS Materials Au. 2023;3(6):600. doi:10.1021/acsmaterialsau.3c00032

Liu P, Chen G, Zhang J. A review of liposomes as a drug delivery system: current status of approved products, regulatory environments, and
future perspectives. Molecules. 2022;27.

Mazur F, Bally M, Stidler B, Chandrawati R. Liposomes and lipid bilayers in biosensors. Adv Colloid Interface Sci. 2017;249:88-99.
doi:10.1016/j.¢is.2017.05.020

Diizgiines N, Gregoriadis G. Introduction: the origins of liposomes: alec Bangham at Babraham. Methods Enzymol. 2005;391:1-3.

Bangham AD, Horne RW. Negative staining of phospholipids and their structural modification by surface-active agents as observed in the
electron microscope. J Mol Biol. 1964;8(5):660-IN10. doi:10.1016/S0022-2836(64)80115-7

Mirzavi F, Barati M, Soleimani A, et al. A review on liposome-based therapeutic approaches against malignant melanoma. Int J Pharm.
2021;599:120413. doi:10.1016/j.ijpharm.2021.120413

Watson DS, Endsley AN, Huang L. Design considerations for liposomal vaccines: influence of formulation parameters on antibody and cell-
mediated immune responses to liposome associated antigens. Vaccine. 2012;30(13):2256-2272. doi:10.1016/j.vaccine.2012.01.070

Taha EI, El-Anazi MH, El-Bagory IM, Bayomi MA. Design of liposomal colloidal systems for ocular delivery of ciprofloxacin. Saudi
Pharmaceut J. 2014;22(3):231-239. doi:10.1016/j.jsps.2013.07.003

Han Y, Gao Z, Chen L, et al. Multifunctional oral delivery systems for enhanced bioavailability of therapeutic peptides/proteins. Acta Pharm Sin
B. 2019;9(5):902-922. doi:10.1016/j.apsb.2019.01.004

Dominguez R, Pateiro M, Purrifios L, Munekata PE, Echegaray N, Lorenzo JM. Introduction and classification of lipids. Food Lipids. 2022:1—
16. doi:10.1016/B978-0-12-823371-9.00018-6

Al-Jipouri A, Almurisi SH, Al-Japairai K, Bakar LM, Doolaanea AA. Liposomes or extracellular vesicles: a comprehensive comparison of both
lipid bilayer vesicles for pulmonary drug delivery. Polymers. 2023;15(2). doi:10.3390/polym15020318

Mahmood S, Arifin MA, Hilles AR. Engineered liposomal nanoparticles and their medical applications. Nanoengineered MaterialMed Healthc
Applicat. 2025;94-135. doi:10.1002/9781119792192

Mishra H, Chauhan V, Kumar K, Teotia D. A comprehensive review on Liposomes: a novel drug delivery system. J Drug DeliverTherapeut.
2018;8:400-404.

Lasic DD, Papahadjopoulos D. Liposomes revisited. Science. 1995;267(5202):1275-1276. doi:10.1126/science.7871422

Wang N, Wang T, Li T, Deng Y. Modulation of the physicochemical state of interior agents to prepare controlled release liposomes. Colloids
Surf B Biointerfaces. 2009;69(2):232-238. doi:10.1016/j.colsurfb.2008.11.033

Wang S, Chen Y, Guo J, Huang Q. Liposomes for tumor targeted therapy: a review. Int J Mol Sci. 2023;24(3):2643. doi:10.3390/ijms24032643
Nsairat H, Khater D, Sayed U, et al. Liposomes: structure, composition, types, and clinical applications. Heliyon. 2022;8(5):¢09394.
doi:10.1016/j.heliyon.2022.e09394

Jozsa L, Vasvari G, Sinka D, et al. Enhanced antioxidant and anti-inflammatory effects of self-nano and microemulsifying drug delivery systems
containing curcumin. Molecules. 2022;27(19):6652. doi:10.3390/molecules27196652

Kesharwani R, Sachan A, Singh S, Patel D. Formulation and evaluation of Solid Lipid Nanoparticle (SLN) based topical gel of etoricoxib. J
Appl Pharm Sci. 2016;6:124-131. doi:10.7324/JAPS.2016.601017

Sangeetha S, Narayanasamy D. The science of solid lipid nanoparticles: from fundamentals to applications. Cureus. 2024;16.

Bagul U, Pisal VV, Solanki NV, Karnavat A. Current status of solid lipid nanoparticles: a review. 2018.

Ghasemiyeh P, Mohammadi-Samani S. Solid lipid nanoparticles and nanostructured lipid carriers as novel drug delivery systems: applications,
advantages and disadvantages. Res Pharm Sci. 2018;13(4):288-303. doi:10.4103/1735-5362.235156

Mirchandani Y, Patravale VB, Brijesh S. Solid lipid nanoparticles for hydrophilic drugs. J Controll Release. 2021;335:457-464. doi:10.1016/j.
jeonrel.2021.05.032

International Journal of Nanomedicine 2026:21 https: 43


https://doi.org/10.3389/fchem.2018.00237
https://doi.org/10.2147/IJN.S14615
https://doi.org/10.1021/acs.langmuir.2c02794
https://doi.org/10.1021/acs.langmuir.2c02794
https://doi.org/10.1517/17425247.2012.673278
https://doi.org/10.1208/s12249-016-0493-3
https://doi.org/10.1016/j.ijpharm.2015.10.043
https://doi.org/10.3390/ma13051090
https://doi.org/10.3390/molecules26072068
https://doi.org/10.4103/2230-973X.153383
https://doi.org/10.1016/j.nano.2014.03.017
https://doi.org/10.1016/j.ejpb.2023.01.002
https://doi.org/10.1016/j.radphyschem.2024.111592
https://doi.org/10.1021/acsmaterialsau.3c00032
https://doi.org/10.1016/j.cis.2017.05.020
https://doi.org/10.1016/S0022-2836(64)80115-7
https://doi.org/10.1016/j.ijpharm.2021.120413
https://doi.org/10.1016/j.vaccine.2012.01.070
https://doi.org/10.1016/j.jsps.2013.07.003
https://doi.org/10.1016/j.apsb.2019.01.004
https://doi.org/10.1016/B978-0-12-823371-9.00018-6
https://doi.org/10.3390/polym15020318
https://doi.org/10.1002/9781119792192
https://doi.org/10.1126/science.7871422
https://doi.org/10.1016/j.colsurfb.2008.11.033
https://doi.org/10.3390/ijms24032643
https://doi.org/10.1016/j.heliyon.2022.e09394
https://doi.org/10.3390/molecules27196652
https://doi.org/10.7324/JAPS.2016.601017
https://doi.org/10.4103/1735-5362.235156
https://doi.org/10.1016/j.jconrel.2021.05.032
https://doi.org/10.1016/j.jconrel.2021.05.032

Sitompul et al

134.
135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.
156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Patidar A, Singh Thakur D, Kumar P, Verma J. A review on novel lipid based nanocarriers. Int J Pharm Pharm Sci. 2010;2.

Becker Peres L, Becker Peres L, de Aratjo PHH, Sayer C. Solid lipid nanoparticles for encapsulation of hydrophilic drugs by an organic solvent
free double emulsion technique. Colloids Surf B Biointerfaces. 2016;140:317-323. doi:10.1016/j.colsurfb.2015.12.033

Salah E, Abouelfetouh MM, Pan Y, Chen D, Xie S. Solid lipid nanoparticles for enhanced oral absorption: a review. Colloids Surf B
Biointerfaces. 2020;196:111305. doi:10.1016/j.colsurfb.2020.111305

Vaghasiya H, Kumar A, Sawant K. Development of solid lipid nanoparticles based controlled release system for topical delivery of terbinafine
hydrochloride. Eur J Pharm Sci. 2013;49(2):311-322. doi:10.1016/j.ejps.2013.03.013

Suprobo G, Rahmi D. Pengaruh kecepatan homegenisasi terhadap sifat fisika dan kimia krim nanopartikel dengan metode High Speed
Homogenization (HSH). Indonesian J Indust Res. 2015;5:1-12.

Mappamasing F, Anwar E, Mun’im A. Formulasi, Karakterisasi dan Uji Penetrasi in vitro resveratrol solid lipid nanopartikel dalam krim
topikal. 2017.

Thakkar A, Chenreddy S, Wang J, Prabhu S. Evaluation of ibuprofen loaded solid lipid nanoparticles and its combination regimens for
pancreatic cancer chemoprevention. /nt J Oncol. 2015;46(4):1827-1834. doi:10.3892/ij0.2015.2879

Ekambaram P, Abdul Hasan Sathali A. Formulation and evaluation of solid lipid nanoparticles of ramipril. J Young Pharm. 2011;3(3):216-220.
doi:10.4103/0975-1483.83765

Jenning V, Schifer-Korting M, Gohla S. Vitamin A-loaded solid lipid nanoparticles for topical use: drug release properties. J Controll Release.
2000;66(2-3):115-126. doi:10.1016/S0168-3659(99)00223-0

Viegas C, Patricio AB, Prata JM, et al. Solid lipid nanoparticles vs. nanostructured lipid carriers: a comparative review. Pharmaceutics. 2023;15
(6):1593. doi:10.3390/pharmaceutics 15061593

Dhiman N, Awasthi R, Sharma B, Kharkwal H, Kulkarni GT. Lipid nanoparticles as carriers for bioactive delivery. Front Chem. 2021;9.
doi:10.3389/fchem.2021.580118

Miiller RH, Méder K, Gohla S. Solid lipid nanoparticles (SLN) for controlled drug delivery - A review of the state of the art. Eur J Pharmaceut
Biopharmaceut. 2000;50(1):161-177. doi:10.1016/S0939-6411(00)00087-4

Jaiswal P, Gidwani B, Vyas A. Nanostructured lipid carriers and their current application in targeted drug delivery. Artif Cells Nanomed
Biotechnol. 2016;44(1):27-40. doi:10.3109/21691401.2014.909822

Doktorovova S, Souto EB. Nanostructured lipid carrier-based hydrogel formulations for drug delivery: a comprehensive review. Expert Opin
Drug Deliv. 2009;6(2):165-176. doi:10.1517/17425240802712590

Chandana KV, Gupta NV, Kanna S. Nanostructured lipid carriers: the frontiers in drug delivery. Asian J Pharmaceut Clin Res. 2019;8-12.
doi:10.22159/AJPCR.2019.V1217.33595

Praveen S, Gowda DV, Srivastava A, Ali R, Osmani M. Formulation and evaluation of Nanostructured Lipid Carrier (NLC) for glimepiride.
Pharm Lett. 2016;8:251-256.

Fang C-L, Al-Suwayeh SA, Fang J-Y. Nanostructured Lipid Carriers (NLCs) for drug delivery and targeting. Recent Pat Nanotechnol. 2013;7
(1):41-55. doi:10.2174/187221013804484827

Bayon-Cordero L, Alkorta I, Arana L. Application of solid lipid nanoparticles to improve the efficiency of anticancer drugs. Nanomaterials.
2019;9(3):474. doi:10.3390/nan09030474

Poonia N, Kharb R, Lather V, Pandita D. Nanostructured lipid carriers: versatile oral delivery vehicle. Future Sci OA. 2016;2(3):FSO135.
doi:10.4155/fs0a-2016-0030

Muchow M, Maincent P, Mller RH, Keck CM. Production and characterization of testosterone undecanoate-loaded NLC for oral bioavailability
enhancement. Drug Dev Ind Pharm. 2011;37(1):8-14. doi:10.3109/03639045.2010.489559

Chauhan I, Yasir M, Verma M, Singh AP. Nanostructured lipid carriers: a groundbreaking approach for transdermal drug delivery. Adv Pharm
Bull. 2020;10(2):150-165. doi:10.34172/apb.2020.021

Shah R, Eldridge D, Palombo E, Harding I. Lipid nanoparticles: production, characterization and stability; 2015. doi:10.1007/978-3-319-10711-0
faheim S, gardouh A, nouh A, ghorab M. faheim, samar, gardouh, ahmed, nouh, ahmed & ghorab, mamdouh. Review article on nanoemulsions
and nanostructured lipid carriers. Record Pharmaceut Biomed Sci. 2018;2(2):23-31. doi:10.21608/rpbs.2018.5223.1011

Shidhaye S, Vaidya R, Sutar S, Patwardhan A, Kadam V. Solid lipid nanoparticles and nanostructured lipid carriers—innovative generations of
solid lipid carriers. Curr Drug Deliv. 2008;5(4):324-331. doi:10.2174/156720108785915087

Sawant K, Dodiya S. Recent advances and patents on solid lipid nanoparticles. Recent Pat Drug Deliv Formul. 2008;2(2):120-135.
doi:10.2174/187221108784534081

Teng Z, Yuan C, Zhang F, et al. Intestinal absorption and first-pass metabolism of polyphenol compounds in rat and their transport dynamics in
Caco-2 cells. PLoS One. 2012;7(1):€29647. doi:10.1371/journal.pone.0029647

Kidd PM. Bioavailability and activity of phytosome complexes from botanical polyphenols: the silymarin, curcumin, green tea, and grape seed
extracts. Alternat Med Rev. 2009;14(3):226-246.

Safta DA, Bogdan C, Moldovan ML. Vesicular nanocarriers for phytocompounds in wound care: preparation and characterization.
Pharmaceutics. 2022;14(5):991. doi:10.3390/pharmaceutics14050991

Alharbi WS, Almughem FA, Almehmady AM, et al. Phytosomes as an emerging nanotechnology platform for the topical delivery of bioactive
phytochemicals. Pharmaceutics. 2021;13(9):1475. doi:10.3390/pharmaceutics13091475

Ercelen S, Bulkurcuoglu B, Oksuz M, Nalbantsoy A, Sarikahya NB. Development and characterization of plant-derived aristatoside ¢ and
davisianoside b saponin-loaded phytosomes with suppressed hemolytic activity. ChemistryOpen. 2024;13(9). doi:10.1002/0pen.202300254
Jain N, Gupta BP, Thakur N, et al. Phytosome: a novel drug delivery system for herbal medicine. Int J Pharmaceut Sci Drug Res. 2010;2:224—
228. doi:10.25004/1JPSDR.2010.020401

Dewan N, Chowdhary G, Pandit S, Ahmed P, Dasgupta D. Review on- Herbosomes, A new arena for drug delivery. J Pharmacogn Phytochem.
2016;5:104-108.

Gaurav V, Paliwal S, Singh A, Pandey S, Siddhiqui MA. Phytosomes: preparation, evaluation and application. Int J Res Engineer Sci.
2021;9:35-39.

Manach C, Scalbert A, Morand C, Rémésy C, Jiménez L. Polyphenols: food sources and bioavailability. Am J Clin Nutri. 2004;79(5):727-747.
doi:10.1093/ajcn/79.5.727

44

https: International Journal of Nanomedicine 2026:21


https://doi.org/10.1016/j.colsurfb.2015.12.033
https://doi.org/10.1016/j.colsurfb.2020.111305
https://doi.org/10.1016/j.ejps.2013.03.013
https://doi.org/10.3892/ijo.2015.2879
https://doi.org/10.4103/0975-1483.83765
https://doi.org/10.1016/S0168-3659(99)00223-0
https://doi.org/10.3390/pharmaceutics15061593
https://doi.org/10.3389/fchem.2021.580118
https://doi.org/10.1016/S0939-6411(00)00087-4
https://doi.org/10.3109/21691401.2014.909822
https://doi.org/10.1517/17425240802712590
https://doi.org/10.22159/AJPCR.2019.V12I7.33595
https://doi.org/10.2174/187221013804484827
https://doi.org/10.3390/nano9030474
https://doi.org/10.4155/fsoa-2016-0030
https://doi.org/10.3109/03639045.2010.489559
https://doi.org/10.34172/apb.2020.021
https://doi.org/10.1007/978-3-319-10711-0
https://doi.org/10.21608/rpbs.2018.5223.1011
https://doi.org/10.2174/156720108785915087
https://doi.org/10.2174/187221108784534081
https://doi.org/10.1371/journal.pone.0029647
https://doi.org/10.3390/pharmaceutics14050991
https://doi.org/10.3390/pharmaceutics13091475
https://doi.org/10.1002/open.202300254
https://doi.org/10.25004/IJPSDR.2010.020401
https://doi.org/10.1093/ajcn/79.5.727

Sitompul et al

168.

169.

170.

171.

172.

173.

174.
175.

176.
177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

Bhattacharya S. Phytosomes: the new technology for enhancement of bioavailability of botanicals and nutraceuticals. Int J Health Res. 2009;2
(3):225-232. doi:10.4314/ijhr.v2i3.47905

LuM, Qiu Q, Luo X, et al. Phyto-phospholipid complexes (phytosomes): a novel strategy to improve the bioavailability of active constituents.
Asian J Pharm Sci. 2019;14(3):265-274. doi:10.1016/j.ajps.2018.05.011

Lambert JD, Sang S, Hong J, et al. Peracetylation as a means of enhancing in vitro bioactivity and bioavailability of epigallocatechin-3-gallate.
Drug Metab Dispos. 2006;34(12):2111-2116. doi:10.1124/dmd.106.011460

Mulholland PJ, Ferry DR, Anderson D, et al. Pre-clinical and clinical study of QC12, a water-soluble, pro-drug of quercetin. Ann Oncol.
2001;12(2):245-248. doi:10.1023/A:1008372017097

Touitou E, Natsheh H. Topical administration of drugs incorporated in carriers containing phospholipid soft vesicles for the treatment of skin
medical conditions. Pharmaceutics. 2021;13(12):2129. doi:10.3390/pharmaceutics13122129

Gorain B, Al-Dhubiab BE, Nair A, et al. Multivesicular liposome: a lipid-based drug delivery system for efficient drug delivery. Curr Pharm
Des. 2021;27(43):4404—4415. doi:10.2174/1381612827666210830095941

Chauhan N, Vasava P, Khan SL, et al. Ethosomes: a novel drug carrier. Ann Med Surg. 2022;82. doi:10.1016/j.amsu.2022.104595

Alfehaid FS, Nair AB, Shah H, et al. Enhanced transdermal delivery of apremilast loaded ethosomes: optimization, characterization and in vivo
evaluation. J Drug Deliv Sci Technol. 2024;91:105211. doi:10.1016/j.jddst.2023.105211

Benson HAE. Transfersomes for transdermal drug delivery. Expert Opin Drug Deliv. 2006;3(6):727-737. doi:10.1517/17425247.3.6.727
Zhang JP, Wei YH, Zhou Y, Li YQ, Wu XA. Ethosomes, binary ethosomes and transfersomes of terbinafine hydrochloride: a comparative study.
Arch Pharm Res. 2012;35(1):109-117. do0i:10.1007/s12272-012-0112-0

Song CK, Balakrishnan P, Shim C-K, et al. A novel vesicular carrier, transethosome, for enhanced skin delivery of voriconazole: characteriza-
tion and in vitro/in vivo evaluation. Colloids Surf B Biointerfaces. 2012;92:299-304. doi:10.1016/j.colsurfb.2011.12.004

Paiva-Santos AC, Silva AL, Guerra C, et al. Ethosomes as nanocarriers for the development of skin delivery formulations. Pharm Res. 2021;38
(6):947-970. doi:10.1007/s11095-021-03053-5

Almugbil RM, Aldhubiab B. Ethosome-Based transdermal drug delivery: its structural components, preparation techniques, and therapeutic
applications across metabolic, chronic, and oncological conditions. Pharmaceutics. 2025;17(5):583. doi:10.3390/pharmaceutics17050583
Emanet M, Ciofani G. Ethosomes as promising transdermal delivery systems of natural-derived active compounds. Adv Nanobiomed Res.
2023;3(10):2300020. doi:10.1002/anbr.202300020

Gupta A, Eral HB, Hatton TA, Doyle PS. Nanoemulsions: formation, properties and applications. Soft Matter. 2016;12(11):2826-2841.
doi:10.1039/C5SM02958A

McClements DJ. Nanoemulsions versus microemulsions: terminology, differences, and similarities. Soft Matter. 2012;8(6):1719-1729.
doi:10.1039/C2SM06903B

Solans C, Izquierdo P, Nolla J, Azemar N, Garcia-Celma MJ. Nano-emulsions. Curr Opin Colloid Interface Sci. 2005;10(3—4):102—-110.
doi:10.1016/j.cocis.2005.06.004

Acosta E. Bioavailability of nanoparticles in nutrient and nutraceutical delivery. Curr Opin Colloid Interface Sci. 2009;14(1):3—15. doi:10.1016/
j-cocis.2008.01.002

Anton N, Benoit JP, Saulnier P. Design and production of nanoparticles formulated from nano-emulsion templates-a review. J Control Release.
2008;128(3):185-199. doi:10.1016/j.jconrel.2008.02.007

Lovelyn C, Attama AA. Current state of nanoemulsions in drug delivery. J Biomater Nanobiotechnol. 2011;02(05):626—639. doi:10.4236/
jbnb.2011.225075

Manna S, Lakshmi U, Racharla M, et al. Bioadhesive HPMC gel containing gelatin nanoparticles for intravaginal delivery of tenofovir. J Appl
Pharm Sci. 2016;6:22-029. doi:10.7324/JAPS.2016.60804

Mason TG, Wilking JN, Meleson K, Chang CB, Graves SM. Nanoemulsions: formation, structure, and physical properties. J Phys Condensed
Matter. 2006;18(41):R635-R666. doi:10.1088/0953-8984/18/41/R01

Rehman FU, Shah KU, Shah SU, et al. From nanoemulsions to self-nanoemulsions, with recent advances in self-nanoemulsifying drug delivery
systems (SNEDDS). Expert Opin Drug Deliv. 2017;14(11):1325-1340. doi:10.1080/17425247.2016.1218462

Haddadzadegan S, Dorkoosh F, Bernkop-Schniirch A. Oral delivery of therapeutic peptides and proteins: technology landscape of lipid-based
nanocarriers. Adv Drug Deliv Rev. 2022;182:114097. doi:10.1016/j.addr.2021.114097

Salvia-Trujillo L, Soliva-Fortuny R, Rojas-Graii MA, McClements DJ, Martin-Belloso O. Edible nanoemulsions as carriers of active
ingredients: a review. Annu Rev Food Sci Technol. 2017;8(1):439-466. doi:10.1146/annurev-food-030216-025908

Ali SA, Alhakamy NA, Hosny KM, et al. Rapid oral transmucosal delivery of zaleplon-lavender oil utilizing self-nanoemulsifying lyophilized
tablets technology: development, optimization and pharmacokinetic evaluation. Drug Deliv. 2022;29(1):2773-2783. doi:10.1080/
10717544.2022.2115165

Radwan MF, El-Moselhy MA, Alarif WM, et al. Optimization of thymoquinone-loaded self-nanoemulsion for management of indomethacin-
induced ulcer. Dose Response. 2021;19(2). doi:10.1177/15593258211013655

Zhao Z, Cui X, Ma X, Wang Z. Preparation, characterization, and evaluation of antioxidant activity and bioavailability of a self-nanoemulsify-
ing drug delivery system (SNEDDS) for buckwheat flavonoids. Acta Biochim Biophys Sin. 2020;52(11):1265-1274. doi:10.1093/abbs/gmaal24
Syukri Y, Kholidah Z, Chabib L. Fabrikasi dan studi stabilitas self-nano emulsifying propolis menggunakan minyak kesturi sebagai pembawa.
Jurnal Sains Farmasi & Klinis. 2019;6(3):265-273. doi:10.25077/jstk.6.3.265-273.2019

Fitriani H, Fitria A, Miladiyah I, Syukri Y. Pengembangan Self-Nano Emulsifying System (SNES) Ekstrak Temulawak (Curcuma xanthorrhiza):
formulasi, Karakterisasi, dan Stabilitas. Jurnal Sains Farmasi & Klinis. 2021;8(3):332-339. doi:10.25077/jstk.8.3.332-339.2021

Kassem AA, Abd El-Alim SH, Salman AM, et al. Improved hepatoprotective activity of Beta vulgaris L. leaf extract loaded self-nanoemulsify-
ing drug delivery system (SNEDDS): in vitro and in vivo evaluation. Drug Dev Ind Pharm. 2020;46(10):1589-1603. doi:10.1080/
03639045.2020.1811303

Shahba AA, Tashish AY, Alanazi FK, Kazi M. Combined self-nanoemulsifying and solid dispersion systems showed enhanced cinnarizine
release in hypochlorhydria/achlorhydria dissolution model. Pharmaceutics. 2021;13(5):627. doi:10.3390/pharmaceutics13050627

Yin HF, Yin C-M, Ouyang T, et al. Self-Nanoemulsifying drug delivery system of genkwanin: a novel approach for anti-colitis-associated
colorectal cancer. Drug Des Devel Ther. 2021;15:557-576. doi:10.2147/DDDT.S292417

International Journal of Nanomedicine 2026:21 https: 45


https://doi.org/10.4314/ijhr.v2i3.47905
https://doi.org/10.1016/j.ajps.2018.05.011
https://doi.org/10.1124/dmd.106.011460
https://doi.org/10.1023/A:1008372017097
https://doi.org/10.3390/pharmaceutics13122129
https://doi.org/10.2174/1381612827666210830095941
https://doi.org/10.1016/j.amsu.2022.104595
https://doi.org/10.1016/j.jddst.2023.105211
https://doi.org/10.1517/17425247.3.6.727
https://doi.org/10.1007/s12272-012-0112-0
https://doi.org/10.1016/j.colsurfb.2011.12.004
https://doi.org/10.1007/s11095-021-03053-5
https://doi.org/10.3390/pharmaceutics17050583
https://doi.org/10.1002/anbr.202300020
https://doi.org/10.1039/C5SM02958A
https://doi.org/10.1039/C2SM06903B
https://doi.org/10.1016/j.cocis.2005.06.004
https://doi.org/10.1016/j.cocis.2008.01.002
https://doi.org/10.1016/j.cocis.2008.01.002
https://doi.org/10.1016/j.jconrel.2008.02.007
https://doi.org/10.4236/jbnb.2011.225075
https://doi.org/10.4236/jbnb.2011.225075
https://doi.org/10.7324/JAPS.2016.60804
https://doi.org/10.1088/0953-8984/18/41/R01
https://doi.org/10.1080/17425247.2016.1218462
https://doi.org/10.1016/j.addr.2021.114097
https://doi.org/10.1146/annurev-food-030216-025908
https://doi.org/10.1080/10717544.2022.2115165
https://doi.org/10.1080/10717544.2022.2115165
https://doi.org/10.1177/15593258211013655
https://doi.org/10.1093/abbs/gmaa124
https://doi.org/10.25077/jsfk.6.3.265-273.2019
https://doi.org/10.25077/jsfk.8.3.332-339.2021
https://doi.org/10.1080/03639045.2020.1811303
https://doi.org/10.1080/03639045.2020.1811303
https://doi.org/10.3390/pharmaceutics13050627
https://doi.org/10.2147/DDDT.S292417

Sitompul et al

201.

202.

203.

204.

205.

206.

207.

208.

209.
210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

Jindal A, Kumar Sharma P, Kumar A. Self-nanoemulsifying drug delivery system (SNEDDS) as nano-carrier framework for permeability
modulating approaches of BCS class III drug. J Drug Target. 2025;33(7):1067-1087. doi:10.1080/1061186X.2025.2469751

Barriga HMG, Holme MN, Stevens MM. Cubosomes: the Next generation of smart lipid nanoparticles? Angew Chem Int Ed Engl. 2019;58
(10):2958-2978. doi:10.1002/anie.201804067

Sivadasan D, Sultan MH, Algahtani SS, Javed S. Cubosomes in drug Delivery-A comprehensive review on its structural components,
preparation techniques and therapeutic applications. Biomedicines. 2023;11(4):1114. doi:10.3390/biomedicines11041114

Miranda I, Misra B, Manjunath MC, et al. Responsive Nano-structured Cubosomes: advancements and therapeutic applications. Adv Pharm
Bull. 2025;15(2):284-292. doi:10.34172/apb.025.43330

Gupta NV, Jain SC, Jain V, Ravi G. Development, characterization and evaluation of cubosomes loaded smart gel for the treatment of
osteomyelitis using 32 factorial design. Indian J Pharmaceut Educ Res. 2023;57(3):695-702. doi:10.5530/ijper.57.3.84

Schade DS, Shey L, Eaton RP. Cholesterol review: a metabolically important molecule. Endocrine Pract. 2020;26(12):1514-1523. doi:10.4158/
EP-2020-0347

Tavano L, Vivacqua M, Carito V, et al. Doxorubicin loaded magneto-niosomes for targeted drug delivery. Colloids Surf B Biointerfaces.
2013;102:803-807. doi:10.1016/j.colsurfb.2012.09.019

Chen S, Hanning S, Falconer J, Locke M, Wen J. Recent advances in non-ionic surfactant vesicles (niosomes): fabrication, characterization,
pharmaceutical and cosmetic applications. Eur J Pharmaceut Biopharmaceut. 2019;144:18-39. doi:10.1016/j.ejpb.2019.08.015

Aflori M. Smart nanomaterials for biomedical applications—a review. Nanomaterials. 2021;11(2):396. doi:10.3390/nano11020396

Soto-Cruz J, Alvarado-Aguilar P, Vega-Baudrit JR, et al. Caracterizacion estructural de vesiculas modificadas con quitosano. Uniciencia.
2018;32(1):32-45. doi:10.15359/ru.32-1.3

Witika BA, Bassey KE, Demana PH, Siwe-Noundou X, Poka MS. Current advances in specialised niosomal drug delivery: manufacture,
characterization and drug delivery applications. Int J Mol Sci. 2022;23(17):9668. doi:10.3390/ijms23179668

Moammeri A, Chegeni MM, Sahrayi H, et al. Current advances in niosomes applications for drug delivery and cancer treatment. Mater Today
Bio. 2023;23. doi:10.1016/j.mtbio.2023.100837

Muzzalupo R, Mazzotta E. Do niosomes have a place in the field of drug delivery? Expert Opin Drug Deliv. 2019;16(11):1145-1147.
doi:10.1080/17425247.2019.1663821

Mazyed EA, Helal DA, Elkhoudary MM, Abd Elhameed AG, Yasser M. Formulation and optimization of nanospanlastics for improving the
bioavailability of green tea epigallocatechin gallate. Pharmaceuticals. 2021;14(1):68. doi:10.3390/ph14010068

Alharbi WS, Hareeri RH, Bazuhair M, et al. Spanlastics as a potential platform for enhancing the brain delivery of flibanserin: in vitro response-
surface optimization and in vivo pharmacokinetics assessment. Pharmaceutics. 2022;14(12):2627. doi:10.3390/pharmaceutics14122627
Gornicka J, Mika M, Wroblewska O, Siudem P, Paradowska K. Methods to improve the solubility of curcumin from turmeric. Life. 2023;13
(1):207. doi:10.3390/1ife13010207

Tabanelli R, Brogi S, Calderone V. Improving curcumin bioavailability: current strategies and future perspectives. Pharmaceutics. 2021;13
(10):1715. doi:10.3390/pharmaceutics 13101715

Ma Z, Wang N, He H, Tang X. Pharmaceutical strategies of improving oral systemic bioavailability of curcumin for clinical application. J
Controll Release. 2019;316:359-380. doi:10.1016/j.jconrel.2019.10.053

Ansari MD, Saifi Z, Pandit J, et al. Spanlastics a novel nanovesicular carrier: its potential application and emerging trends in therapeutic
delivery. AAPS PharmSciTech. 2022;23(4):112. doi:10.1208/s12249-022-02217-9

Abdelbari MA, El-mancy SS, Elshafeey AH, Abdelbary AA. Implementing spanlastics for improving the ocular delivery of clotrimazole: in
vitro characterization, ex vivo permeability, microbiological assessment and in vivo Safety Study. Int J Nanomedicine. 2021;16:6249-6261.
doi:10.2147/1JN.S319348

Ismail S, Garhy D, Ibrahim HK. Optimization of topical curcumin spanlastics for melanoma treatment. Pharm Dev Technol. 2023;28(5):425—
439. doi:10.1080/10837450.2023.2204926

Ibrahim SS, Abd-allah H. Spanlastic nanovesicles for enhanced ocular delivery of vanillic acid: design, in vitro characterization, and in vivo
anti-inflammatory evaluation. Int J Pharm. 2022;625:122068. doi:10.1016/j.ijpharm.2022.122068

Farghaly DA, Aboelwafa AA, Hamza MY, Mohamed MI. Topical delivery of fenoprofen calcium via elastic nano-vesicular spanlastics:
optimization using experimental design and in vivo evaluation. AAPS PharmSciTech. 2017;18(8):2898-2909. doi:10.1208/s12249-017-0771-8
Almohamady HI, Mortagi Y, Gad S, et al. Spanlastic Nano-vesicles: a novel approach to improve the dissolution, bioavailability, and
pharmacokinetic behavior of famotidine. Pharmaceuticals. 2024;17(12):1614. doi:10.3390/ph17121614

Zaki RM, Ibrahim MA, Alshora DH, El Ela AESA. Formulation and evaluation of transdermal gel containing tacrolimus-loaded spanlastics: in
vitro, ex vivo and in vivo studies. Polymers. 2022;14(8):1528. doi:10.3390/polym14081528

Matharoo N, Mohd H, Michniak-Kohn B. Transferosomes as a transdermal drug delivery system: dermal kinetics and recent developments.
WIREs Nanomed Nanobiotechnol. 2024;16(1). doi:10.1002/wnan.1918

Sapkota R, Dash AK. Liposomes and transferosomes: a breakthrough in topical and transdermal delivery. Ther Deliv. 2021;12(2):145-158.
doi:10.4155/tde-2020-0122

Waghule T, Gorantla S, Rapalli VK, et al. Emerging trends in topical delivery of curcumin through lipid nanocarriers: effectiveness in skin
disorders. AAPS PharmSciTech. 2020;21(7):284. doi:10.1208/s12249-020-01831-9

Rasheed MS, Ansari SF, Shahzadi 1. Formulation, characterization of glucosamine loaded transfersomes and in vivo evaluation using papain
induced arthritis model. Sci Rep. 2022;12(1):19813. doi:10.1038/s41598-022-23103-1

Vieira J, Castelo J, Martins M, et al. Mixed edge activators in ibuprofen-loaded transfersomes: an innovative optimization strategy using box—
behnken factorial design. Pharmaceutics. 2023;15(4):1209. doi:10.3390/pharmaceutics15041209

Simrah HA, Usmani SA, Izhar MP, Izhar MP. Transfersome, an ultra-deformable lipid-based drug nanocarrier: an updated review with
therapeutic applications. Naunyn Schmiedebergs Arch Pharmacol. 2024;397(2):639-673. doi:10.1007/s00210-023-02670-8

Souto EB, Macedo AS, Dias-Ferreira J, et al. Elastic and ultradeformable liposomes for transdermal delivery of Active Pharmaceutical
Ingredients (APIs). Int J Mol Sci. 2021;22(18):9743. doi:10.3390/ijms22189743

Chen R-P, Chavda VP, Patel AB, Chen Z-S. Phytochemical delivery through transferosome (Phytosome): an advanced transdermal drug
delivery for complementary medicines. Front Pharmacol. 2022;13.

46

https: International Journal of Nanomedicine 2026:21


https://doi.org/10.1080/1061186X.2025.2469751
https://doi.org/10.1002/anie.201804067
https://doi.org/10.3390/biomedicines11041114
https://doi.org/10.34172/apb.025.43330
https://doi.org/10.5530/ijper.57.3.84
https://doi.org/10.4158/EP-2020-0347
https://doi.org/10.4158/EP-2020-0347
https://doi.org/10.1016/j.colsurfb.2012.09.019
https://doi.org/10.1016/j.ejpb.2019.08.015
https://doi.org/10.3390/nano11020396
https://doi.org/10.15359/ru.32-1.3
https://doi.org/10.3390/ijms23179668
https://doi.org/10.1016/j.mtbio.2023.100837
https://doi.org/10.1080/17425247.2019.1663821
https://doi.org/10.3390/ph14010068
https://doi.org/10.3390/pharmaceutics14122627
https://doi.org/10.3390/life13010207
https://doi.org/10.3390/pharmaceutics13101715
https://doi.org/10.1016/j.jconrel.2019.10.053
https://doi.org/10.1208/s12249-022-02217-9
https://doi.org/10.2147/IJN.S319348
https://doi.org/10.1080/10837450.2023.2204926
https://doi.org/10.1016/j.ijpharm.2022.122068
https://doi.org/10.1208/s12249-017-0771-8
https://doi.org/10.3390/ph17121614
https://doi.org/10.3390/polym14081528
https://doi.org/10.1002/wnan.1918
https://doi.org/10.4155/tde-2020-0122
https://doi.org/10.1208/s12249-020-01831-9
https://doi.org/10.1038/s41598-022-23103-1
https://doi.org/10.3390/pharmaceutics15041209
https://doi.org/10.1007/s00210-023-02670-8
https://doi.org/10.3390/ijms22189743

Sitompul et al

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.
257.

258.

259.

260.

261.
262.

263.
264.
265.

266.

267.

268.

Opatha SAT, Titapiwatanakun V, Chutoprapat R. Transfersomes: a promising nanoencapsulation technique for transdermal drug delivery.
Pharmaceutics. 2020;12(9):855. doi:10.3390/pharmaceutics 12090855

Barbalho GN, Brugger S, Raab C, et al. Development of transferosomes for topical ocular drug delivery of curcumin. Eur J Pharmaceut
Biopharmaceut. 2024;205:114535. doi:10.1016/j.ejpb.2024.114535

Liakopoulou A, Letsiou S, Avgoustakis K, et al. Curcumin-Loaded lipid nanocarriers: a targeted approach for combating oxidative stress in skin
applications. Pharmaceutics. 2025;17(2):144. doi:10.3390/pharmaceutics17020144

Ferrara F, Bondi A, Pula W, et al. Ethosomes for curcumin and piperine cutaneous delivery to prevent environmental-stressor-induced skin
damage. Antioxidants. 2024;13(1):91. doi:10.3390/antiox13010091

Diotallevi F, Simonetti O, Rizzetto G, et al. Biological treatments for pediatric psoriasis: state of the art and future perspectives. Int J Mol Sci.
2022;23(19):11128. doi:10.3390/ijms231911128

Weidinger S, Beck LA, Bieber T, Kabashima K, Irvine AD. Atopic dermatitis. Nat Rev Dis Prim. 2018;4(1):1. doi:10.1038/s41572-018-0001-z
Greb JE, Goldminz AM, Elder JT, et al. Psoriasis. Nat Rev Dis Prim. 2016;2(1):16082. doi:10.1038/nrdp.2016.82

Cai Y, Fleming C, Yan J. New insights of T cells in the pathogenesis of psoriasis. Cell Mol Immunol. 2012;9(4):302-309. doi:10.1038/
cmi.2012.15

Brunner PM, Guttman-Yassky E, Leung DYM. The immunology of atopic dermatitis and its reversibility with broad-spectrum and targeted
therapies. J Allergy Clin Immunol. 2017;139(4):S65-S76. doi:10.1016/j.jaci.2017.01.011

Schifer-Korting M, Mehnert W, Korting H. Lipid nanoparticles for improved topical application of drugs for skin diseases. Advanced Drug
Delivery Reviews. 2007;59(6):427-443. doi:10.1016/j.addr.2007.04.006

Waghule T, Rapalli VK, Gorantla S, et al. Nanostructured lipid carriers as potential drug delivery systems for skin disorders. Curr Pharmaceut
Design. 2020;26(36):4569—-4579. doi:10.2174/1381612826666200614175236

Tanner T, Marks R. Delivering drugs by the transdermal route: review and comment. Skin Res Technol. 2008;14(3):249-260. doi:10.1111/
j-1600-0846.2008.00316.x

Sala M, Diab R, Elaissari A, Fessi H. Lipid nanocarriers as skin drug delivery systems: properties, mechanisms of skin interactions and medical
applications. Int J Pharmaceutics. 2018;535(1-2):1-7. doi:10.1016/j.ijpharm.2017.10.046

Singhavi D. Application of nanotechnology in transdermal drug delivery. Nanobiotechnol Diagnos Drug Deliv Treat. 2020;113-128.
doi:10.1002/9781119671732

Bibi N, Ahmed N, Khan GM. Nanostructures in transdermal drug delivery systems. Nanostruct Drug Deliv. 2017;639-668. doi:10.1016/B978-
0-323-46143-6

Ghasemiyeh P, Mohammadi-Samani S. Potential of nanoparticles as permeation enhancers and targeted delivery options for skin: advantages
and disadvantages. Drug Design Develop Ther. 2020;14:3271-3289. do0i:10.2147/DDDT.S264648

Tampucci S, Guazzelli L, Burgalassi S, et al. pH-Responsive nanostructures based on surface active fatty acid-protic ionic liquids for imiquimod
delivery in skin cancer topical therapy. Pharmaceutics. 2020;12(11):1-22. doi:10.3390/pharmaceutics12111078

Yu YQ, Yang X, Wu XF, Fan Y. Enhancing permeation of drug molecules across the skin via delivery in nanocarriers: novel strategies for
effective transdermal applications. Front Bioeng Biotechnol. 2021;9:646554. doi:10.3389/fbioe.2021.646554

Qindeel M, Ahmed N, Sabir F, Khan S, Ur-Rehman A. Development of novel pH-sensitive nanoparticles loaded hydrogel for transdermal drug
delivery. Drug Dev Ind Pharm. 2019;45(4):629-641. doi:10.1080/03639045.2019.1569031

Dong P, Sahle FF, Lohan SB, et al. pH-sensitive Eudragit®™ L 100 nanoparticles promote cutaneous penetration and drug release on the skin. J
Control Release. 2019;295:214-222. doi:10.1016/j.jconrel.2018.12.045

Zhou X, Chen Y, Cui L, Shi Y, Guo C. Advances in the pathogenesis of psoriasis: from keratinocyte perspective. Cell Death Dis. 2022;13(1):81.
doi:10.1038/s41419-022-04523-3

Yang G, Seok JK, Kang HC, et al. Skin barrier abnormalities and immune dysfunction in atopic dermatitis. Int J Mol Sci. 2020;21(8):2867.
doi:10.3390/ijms21082867

Amundsen LR. Effects of age on joints and ligaments. Geriatric Rehabilit Manual. 2007;17-19. doi:10.1016/B978-0-443-10233-2

Lee J, Kim I, Cho M, Lee J. A case of rheumatoid vasculitis involving hepatic artery in early rheumatoid arthritis. J Korean Med Sci. 2017;32
(7):1207-1210. doi:10.3346/jkms.2017.32.7.1207

Loeser R, Goldring S, Scanzello CR, Goldring MB. Osteoarthritis: a disease of the joint as an organ. Arthrit Rheumatism. 2012;64(6):1697—
1707. doi:10.1002/art.34453

Vos T, Flaxman AD, Naghavi M, et al. Years lived with disability (YLDs) for 1160 sequelae of 289 diseases and injuries 1990-2010: a
systematic analysis for the Global Burden of Disease Study 2010. Lancet. 2012;380(9859):2163-2196. doi:10.1016/S0140-6736(12)61729-2
Sato BYS, Chong SI, Souza NMP, et al. Nanocarriers containing curcumin and derivatives for arthritis treatment: mapping the evidence in a
scoping review. Pharmaceutics. 2025;17(8):1022. doi:10.3390/pharmaceutics17081022

Yoon E, Doherty JB. Chapter 4; arthritis pain. J Gerontological Soc Work. 2008;50(sup1):79—103. doi:10.1080/01634370802137819

Courties A, Kouki I, Soliman N, Mathieu S, Sellam J. Osteoarthritis year in review 2024: epidemiology and therapy. Osteoarthritis Cartilage.
2024;32(11):1397-1404. doi:10.1016/j.joca.2024.07.014

Yang M, Zhu L. Osteoimmunology: the crosstalk between T cells, B cells, and osteoclasts in rtheumatoid arthritis. Int J Mol Sci. 2024;25.
Yokota K. Osteoclast differentiation in rheumatoid arthritis. /mmunol Med. 2024;47(1):6-11. doi:10.1080/25785826.2023.2220931

Masters EA, Trombetta RP, de Mesy Bentley KL, et al. Evolving concepts in bone infection: redefining ‘biofilm’, ‘acute vs. chronic
osteomyelitis’, ‘the immune proteome’ and ‘local antibiotic therapy’. Bone Res. 2019;7(1). doi:10.1038/s41413-019-0061-z

Ganesan P, Narayanasamy D. Lipid nanoparticles: different preparation techniques, characterization, hurdles, and strategies for the production
of solid lipid nanoparticles and nanostructured lipid carriers for oral drug delivery. Sustain Chem Pharm. 2017;6:37-56. doi:10.1016/j.
s¢p.2017.07.002

Jeitler R, Glader C, Tetyczka C, et al. Investigation of cellular interactions of lipid-structured nanoparticles with oral mucosal epithelial cells.
Front Mol Biosci. 2022;9. doi:10.3389/fmolb.2022.917921

Villalvilla A, Gémez R, Largo R, Herrero-Beaumont G. Lipid transport and metabolism in healthy and osteoarthritic cartilage. /nt J Mol Sci.
2013;14(10):20793. doi:10.3390/ijms141020793

International Journal of Nanomedicine 2026:21 https: 47


https://doi.org/10.3390/pharmaceutics12090855
https://doi.org/10.1016/j.ejpb.2024.114535
https://doi.org/10.3390/pharmaceutics17020144
https://doi.org/10.3390/antiox13010091
https://doi.org/10.3390/ijms231911128
https://doi.org/10.1038/s41572-018-0001-z
https://doi.org/10.1038/nrdp.2016.82
https://doi.org/10.1038/cmi.2012.15
https://doi.org/10.1038/cmi.2012.15
https://doi.org/10.1016/j.jaci.2017.01.011
https://doi.org/10.1016/j.addr.2007.04.006
https://doi.org/10.2174/1381612826666200614175236
https://doi.org/10.1111/j.1600-0846.2008.00316.x
https://doi.org/10.1111/j.1600-0846.2008.00316.x
https://doi.org/10.1016/j.ijpharm.2017.10.046
https://doi.org/10.1002/9781119671732
https://doi.org/10.1016/B978-0-323-46143-6
https://doi.org/10.1016/B978-0-323-46143-6
https://doi.org/10.2147/DDDT.S264648
https://doi.org/10.3390/pharmaceutics12111078
https://doi.org/10.3389/fbioe.2021.646554
https://doi.org/10.1080/03639045.2019.1569031
https://doi.org/10.1016/j.jconrel.2018.12.045
https://doi.org/10.1038/s41419-022-04523-3
https://doi.org/10.3390/ijms21082867
https://doi.org/10.1016/B978-0-443-10233-2
https://doi.org/10.3346/jkms.2017.32.7.1207
https://doi.org/10.1002/art.34453
https://doi.org/10.1016/S0140-6736(12)61729-2
https://doi.org/10.3390/pharmaceutics17081022
https://doi.org/10.1080/01634370802137819
https://doi.org/10.1016/j.joca.2024.07.014
https://doi.org/10.1080/25785826.2023.2220931
https://doi.org/10.1038/s41413-019-0061-z
https://doi.org/10.1016/j.scp.2017.07.002
https://doi.org/10.1016/j.scp.2017.07.002
https://doi.org/10.3389/fmolb.2022.917921
https://doi.org/10.3390/ijms141020793

Sitompul et al

269.

270.

271.

272.

273.

274.

275.

276.

271.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

Bianchi A, Velot E, Kempf H, et al. Nanoliposomes from agro-resources as promising delivery systems for chondrocytes. Int J Mol Sci. 2020;21
(10):3436. doi:10.3390/ijms21103436

Liang Y, Xu X, Xu L, et al. Chondrocyte-specific genomic editing enabled by hybrid exosomes for osteoarthritis treatment. Theranostics.
2022;12(11):4866—4878. doi:10.7150/thno.69368

Katari O, Jain S. Solid lipid nanoparticles and nanostructured lipid carrier-based nanotherapeutics for the treatment of psoriasis. Expert Opin
Drug Deliv. 2021;18(12):1857-1872. doi:10.1080/17425247.2021.2011857

Sostres C, Gargallo CJ, Arroyo MT, Lanas A. Adverse effects of non-steroidal anti-inflammatory drugs (NSAIDs, aspirin and coxibs) on upper
gastrointestinal tract. Best Pract Res Clin Gastroenterol. 2010;24(2):121-132. doi:10.1016/j.bpg.2009.11.005

Scott DL. Arthritis in the Elderly. In: Brocklehurst’s Textbook of Geriatric Medicine and Gerontology. WB Saunders; 2010:566-576.
doi:10.1016/B978-1-4160-6231-8

Zewail MB, Doghish AS, El-Husseiny HM, et al. Lipid-based nanocarriers: an attractive approach for rheumatoid arthritis management.
Biomater Sci. 2024;12(24):6163-6195. doi:10.1039/D4BM01058B

Radiom M, Sarkis M, Brookes O, et al. Pulmonary surfactant inhibition of nanoparticle uptake by alveolar epithelial cells. Scientific Rep.
2020;10(1):19436. doi:10.1038/s41598-020-76332-7

Subramaniam S, Joyce P, Donnellan L, et al. Protein adsorption determines pulmonary cell uptake of lipid-based nanoparticles. J Colloid
Interface Sci. 2023;641:36—47. doi:10.1016/j.jcis.2023.03.048

Liu X, Zhang L, Li S, et al. Harnessing surface hydrophilicity of inhalable nanoparticles for precision delivery of glucagon-like peptide-1
receptor agonists or anti-asthmatic therapeutics. ACS Nano. 2025;19(24):22357-22375. doi:10.1021/acsnano.5¢05745

Zhao J, Qin L, Song R, et al. Elucidating inhaled liposome surface charge on its interaction with biological barriers in the lung. Eur J Pharm
Biopharm. 2022;172:101-111. doi:10.1016/j.¢jpb.2022.01.009

Ibrahim JP, Haque S, Bischof RJ, et al. Liposomes are poorly absorbed via lung lymph after inhaled administration in sheep. Front Pharmacol.
2022;13:880448. doi:10.3389/fphar.2022.880448

Li L, Xu ZP, Leong EWX, Ge R. Lipid nanoparticles as delivery vehicles for inhaled therapeutics. Biomedicines. 2022;10(9):2179. doi:10.3390/
biomedicines10092179

Magalhdes J, Pinheiro M, Drasler B, et al. Lipid nanoparticles biocompatibility and cellular uptake in a 3D human lung model. Nanomedicine.
2020;15(3):259-271. doi:10.2217/nnm-2019-0256

Kochman U, Sitka H, Kuzniar J, et al. Targeted nanoparticles for drug delivery across the blood-brain barrier in early and late stages of
Alzheimer’s disease: a review. Mol Neurobiol. 2025;63.

Chen L, Guan Y, Wang S, et al. Engineered nanoplatforms for brain-targeted co-delivery of phytochemicals in Alzheimer’s disease: rational
design, blood-brain barrier penetration, and multi-target therapeutic synergy. Neurotherapeutics. 2025;22(6):¢00722. doi:10.1016/j.neurot.2025.
¢00722

Song Q, LiJ, Li T, Li HW. Nanomaterials that aid in the diagnosis and treatment of Alzheimer’s disease, resolving blood—brain barrier crossing
ability. Advanc Sci. 2024;11(38):2403473. doi:10.1002/advs.202403473

Zha S, Liu H, Li H, et al. Functionalized nanomaterials capable of crossing the blood-brain barrier. ACS Nano. 2024;18(3):1820-1845.
doi:10.1021/acsnano.3¢10674

de Koning LA, Vazquez-Matias DA, Beaino W, et al. Drug delivery strategies to cross the blood-brain barrier in Alzheimer’s disease: a
comprehensive review on three promising strategies. J Prev Alzheimers Dis. 2025;12(7):100204. doi:10.1016/j.tjpad.2025.100204

Ferrari I, Limiti E, Giannitelli SM, et al. Microfluidic-Based technologies for crossing the blood—brain barrier against Alzheimer’s disease:
novel strategies and challenges. Int J Mol Sci. 2025;26(19):9478. doi:10.3390/ijms26199478

Jiménez A, Estudillo E, Guzman-Ruiz MA, et al. Nanotechnology to overcome blood—brain barrier permeability and damage in neurodegen-
erative diseases. Pharmaceutics. 2025;17(3):281. doi:10.3390/pharmaceutics17030281

Salehi B, Calina D, Docea A, et al. Curcumin’s nanomedicine formulations for therapeutic application in neurological diseases. J Clin Med.
2020;9(2):430. doi:10.3390/jcm9020430

Hua S. Advances in oral drug delivery for regional targeting in the gastrointestinal tract - influence of physiological, pathophysiological and
pharmaceutical factors. Front Pharmacol. 2020;11:496058. doi:10.3389/fphar.2020.00524

Jacob S, Kather F, Morsy M, et al. Advances in nanocarrier systems for overcoming formulation challenges of curcumin: current insights.
Nanomaterials. 2024;14(8):672. doi:10.3390/nano14080672

Wang J, Zhu R, Sun D, et al. Intracellular uptake of curcumin-loaded solid lipid nanoparticles exhibit anti-inflammatory activities superior to
those of curcumin through the NF-«B signaling pathway. J Biomed Nanotechnol. 2015;11(3):403—415. doi:10.1166/jbn.2015.1925

Chia-Ming C, Weiner N. Gastrointestinal uptake of liposomes. 1. In vitro and in situ studies. /nt J Pharm. 1987;37(1-2):75-85. doi:10.1016/
0378-5173(87)90011-1

Rowland RN, Woodley JF. The stability of liposomes in vitro to pH, bile salts and pancreatic lipase. Biochimica Et Biophysica Acta. 1980;620
(3):400-409. doi:10.1016/0005-2760(80)90131-9

Nacka F, Cansell M, Entressangles B. In vitro behavior of marine lipid-based liposomes. Influence of pH, temperature, bile salts, and
phospholipase A2. Lipids. 2001;36(1):35—42. doi:10.1007/s11745-001-0665-0

Machado AR, Pinheiro AC, Vicente AA, Souza-Soares LA, Cerqueira MA. Liposomes loaded with phenolic extracts of Spirulina LEB-18:
physicochemical characterization and behavior under simulated gastrointestinal conditions. Food Res Int. 2019;120:656-667. doi:10.1016/j.
foodres.2018.11.023

Taira MC, Chiaramoni NS, Pecuch KM, Alonso-Romanowski S. Stability of liposomal formulations in physiological conditions for oral drug
delivery. Drug Deliv. 2004;11(2):123—128. doi:10.1080/10717540490280769

Barea MJ, Jenkins MJ, Gaber MH, Bridson RH. Evaluation of liposomes coated with a pH responsive polymer. /nt J Pharm. 2010;402(1-2):89—
94. doi:10.1016/j.ijpharm.2010.09.028

Basak S, Das TK. Zwitterionic, stimuli-responsive liposomes for curcumin drug delivery: enhancing M2 macrophage polarization and reducing
oxidative stress through enzyme-specific and hyperthermia-triggered release. ACS Appl Bio Mater. 2024;8(1):726-740. doi:10.1021/
acsabm.4c01579

48

https: International Journal of Nanomedicine 2026:21


https://doi.org/10.3390/ijms21103436
https://doi.org/10.7150/thno.69368
https://doi.org/10.1080/17425247.2021.2011857
https://doi.org/10.1016/j.bpg.2009.11.005
https://doi.org/10.1016/B978-1-4160-6231-8
https://doi.org/10.1039/D4BM01058B
https://doi.org/10.1038/s41598-020-76332-7
https://doi.org/10.1016/j.jcis.2023.03.048
https://doi.org/10.1021/acsnano.5c05745
https://doi.org/10.1016/j.ejpb.2022.01.009
https://doi.org/10.3389/fphar.2022.880448
https://doi.org/10.3390/biomedicines10092179
https://doi.org/10.3390/biomedicines10092179
https://doi.org/10.2217/nnm-2019-0256
https://doi.org/10.1016/j.neurot.2025.e00722
https://doi.org/10.1016/j.neurot.2025.e00722
https://doi.org/10.1002/advs.202403473
https://doi.org/10.1021/acsnano.3c10674
https://doi.org/10.1016/j.tjpad.2025.100204
https://doi.org/10.3390/ijms26199478
https://doi.org/10.3390/pharmaceutics17030281
https://doi.org/10.3390/jcm9020430
https://doi.org/10.3389/fphar.2020.00524
https://doi.org/10.3390/nano14080672
https://doi.org/10.1166/jbn.2015.1925
https://doi.org/10.1016/0378-5173(87)90011-1
https://doi.org/10.1016/0378-5173(87)90011-1
https://doi.org/10.1016/0005-2760(80)90131-9
https://doi.org/10.1007/s11745-001-0665-0
https://doi.org/10.1016/j.foodres.2018.11.023
https://doi.org/10.1016/j.foodres.2018.11.023
https://doi.org/10.1080/10717540490280769
https://doi.org/10.1016/j.ijpharm.2010.09.028
https://doi.org/10.1021/acsabm.4c01579
https://doi.org/10.1021/acsabm.4c01579

Sitompul et al

300.
301.
302.
303.
304.
305.
306.
307.

308.
309.

310.
311.

312.
313.
314.
315.
316.
317.

318.

International Journal of Nanomedicine

Sanuelly Da Paz Martins A, Alves MARLADECERQUEIRA, Aratjo ORLANDOROBERTOPIMENTELDE, et al. Curcumin in inflammatory
bowel diseases: cellular targets and molecular mechanisms. Biocell. 2023;47(11):2547-2566. doi:10.32604/biocell.2023.043253

Lowe KO, Tanase CE, Maghami S, Fisher LE, Ghaemmaghami AM. Inflammatory network of liver fibrosis and how it can be targeted
therapeutically. Immuno. 2023;3(4):375-408. doi:10.3390/immuno3040023

Gilgenkrantz H, Al Sayegh R, Lotersztajn S. Immunoregulation of liver fibrosis: new opportunities for antifibrotic therapy. Annu Rev
Pharmacol Toxicol. 2025;65(1):281-299. doi:10.1146/annurev-pharmtox-020524-012013

Ma X, Qiu J, Zou S, Tan L, Miao T. The role of macrophages in liver fibrosis: composition, heterogeneity, and therapeutic strategies. Front
Immunol. 2024;15. doi:10.3389/fimmu.2024.1494250

Ran J, Yin S, Issa R, et al. Key role of macrophages in the progression of hepatic fibrosis. Hepatol Commun. 2024;9(1). doi:10.1097/
HC9.0000000000000602

Zhang N, Yao H, Zhang Z, et al. Ongoing involvers and promising therapeutic targets of hepatic fibrosis: the hepatic immune microenviron-
ment. Front Immunol. 2023;14:1131588.

Peng M, Fang F, Wang B. Nanoparticle technologies for liver targeting and their applications in liver diseases. Front Bioeng Biotechnol.
2025;13:1661872. doi:10.3389/fbioe.2025.1661872

Skorzynski M, Krol M, Braniewska A. Hepatotoxicity of nanoparticle-based anti-cancer drugs: insights into toxicity and mitigation strategies.
Int J Nanomedicine. 2025;20:11697-11715. doi:10.2147/1JN.S543433

Li J, Chen C, Xia T. Understanding nanomaterial-liver interactions to facilitate the development of safer nanoapplications. Adv Mater. 2022;34.
Tsoi KM, MacParland SA, Ma X-Z, et al. Mechanism of hard-nanomaterial clearance by the liver. Nat Mater. 2016;15(11):1212-1221.
doi:10.1038/nmat4718

Poon W, Zhang Y-N, Ouyang B, et al. Elimination pathways of nanoparticles. 4CS Nano. 2019;13(5):5785-5798. doi:10.1021/acsnano.9b01383
Samuelsson E, Shen H, Blanco E, Ferrari M, Wolfram J. Contribution of kupffer cells to liposome accumulation in the liver. Colloids Surf B
Biointerfaces. 2017;158:356-362. doi:10.1016/j.colsurfb.2017.07.014

Jiang X, Du B, Zheng J. Glutathione-mediated biotransformation in the liver modulates nanoparticle transport. Nat Nanotechnol. 2019;14
(9):874-882. doi:10.1038/541565-019-0499-6

Pflugfelder SC, de Paiva CS. The pathophysiology of dry eye disease: what we know and future directions for research. Ophthalmology.
2017;124(11):S4-S13. doi:10.1016/j.0phtha.2017.07.010

Zhang J, Kamoi K, Zong Y, et al. Inflammation and immune pathways in myopia: an overview on pathomechanisms and treatment prospects.
Clin Rev Allergy Immunol. 2025;68(1). doi:10.1007/s12016-025-09094-7

Wang Y, Gao S, Cao F, Yang H, Lei F, Hou S. Ocular immune-related diseases: molecular mechanisms and therapy. Med Comm. 2024;5:
€70021.

Gorantla S, Rapalli VK, Waghule T, et al. Nanocarriers for ocular drug delivery: current status and translational opportunity. RSC Adv. 2020;10
(46):27835-27855. doi:10.1039/DORA04971 A

Onugwu AL, Nwagwu CS, Onugwu OS, et al. Nanotechnology based drug delivery systems for the treatment of anterior segment eye diseases.
J Control Release. 2023;354:465-488. doi:10.1016/j.jconrel.2023.01.018

Bachu RD, Chowdhury P, Al-Saedi ZHF, Karla PK, Boddu SHS. Ocular drug delivery barriers-role of nanocarriers in the treatment of anterior
segment ocular diseases. Pharmaceutics. 2018;10(1):28. doi:10.3390/pharmaceutics 10010028

Dovepress

Taylor & Francis Group

Publish your work in this journal

The International Journal of Nanomedicine is an international, peer-reviewed journal focusing on the application of nanotechnology in diagnostics,
therapeutics, and drug delivery systems throughout the biomedical field. This journal is indexed on PubMed Central, MedLine, CAS, SciSearch®,
Current Contents®/Clinical Medicine, Journal Citation Reports/Science Edition, EMBase, Scopus and the Elsevier Bibliographic databases. The
manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://
www.dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/international-journal-of-nanomedicine-journal

International Journal of Nanomedicine 2026:21 EXin>QO

49


https://doi.org/10.32604/biocell.2023.043253
https://doi.org/10.3390/immuno3040023
https://doi.org/10.1146/annurev-pharmtox-020524-012013
https://doi.org/10.3389/fimmu.2024.1494250
https://doi.org/10.1097/HC9.0000000000000602
https://doi.org/10.1097/HC9.0000000000000602
https://doi.org/10.3389/fbioe.2025.1661872
https://doi.org/10.2147/IJN.S543433
https://doi.org/10.1038/nmat4718
https://doi.org/10.1021/acsnano.9b01383
https://doi.org/10.1016/j.colsurfb.2017.07.014
https://doi.org/10.1038/s41565-019-0499-6
https://doi.org/10.1016/j.ophtha.2017.07.010
https://doi.org/10.1007/s12016-025-09094-7
https://doi.org/10.1039/D0RA04971A
https://doi.org/10.1016/j.jconrel.2023.01.018
https://doi.org/10.3390/pharmaceutics10010028
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Inflammation and Its Role in Human Diseases
	Curcumin as an Anti-Inflammatory Agent
	Lipid-Based Nanocarriers for Curcumin Delivery
	Liposomes
	Solid Lipid Nanoparticles (SLNs)
	Nanostructured Lipid Carriers (NLCs)
	Phytosomes
	Ethosomes
	Nanoemulsion
	Self-Nanoemulsifying Drug Delivery Systems (SNEDSS)
	Cubosome
	Lipid Micelles
	Lipid Nanocapsule
	Niosome
	Spanlastic
	Transfersome

	Role of Lipid-Based Nanocarriers in Inflammatory Diseases
	Inflammation in Skin
	Inflammation in Joint and Bone
	Inflammation in Lung
	Inflammation in Nerve
	Inflammation in Gastrointestinal
	Inflammation in Liver
	Inflammation in Eye

	Conclusions and Future Perspectives
	Acknowledgement
	Disclosure
	References

