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Abstract 

Melatonin is a pleiotropic hormone with well-documented antioxidant, anti-inflammatory, 
neuroprotective, and immunomodulatory properties, making it a promising candidate for the treatment 
of diverse diseases including neurodegenerative disorders, cardiovascular diseases, cancer, and sleep 
disturbances. However, its clinical translation has been hampered by several biopharmaceutical 
limitations, including poor aqueous solubility, extensive hepatic first-pass metabolism, rapid systemic 
clearance, and low oral bioavailability. Additionally, physiological barriers such as the blood–brain barrier, 
stratum corneum, and mucosal epithelia restrict its accumulation at target sites. In recent years, 
nanotechnology-based drug delivery systems have emerged as powerful tools to overcome these 
challenges. This review provides a comprehensive overview of advanced melatonin nanocarriers with a 
focus on their design principles, formulation strategies, and therapeutic applications. A central theme of 
this review is the integration of carrier design with biological barrier circumvention and administration 
routes—elucidating how specific nanocarrier platforms address the shortcomings of conventional 
immediate- and prolonged-release melatonin formulations through spatial and temporal control over 
drug distribution. We summarize recent preclinical progress in melatonin nanocarriers for a wide range 
of disease models, including Alzheimer's disease, Parkinson's disease, myocardial infarction, retinal 
degeneration and glaucoma, depression, and various cancers, with emphasis on the relationship between 
administration routes and therapeutic outcomes. Finally, critical challenges in clinical translation are 
addressed, including large-scale manufacturing, long-term toxicity evaluation, regulatory considerations, 
and the development of chronotherapy-compatible delivery systems. By integrating insights from 
materials science, pharmaceutics, and nanomedicine, this review aims to provide a rational framework for 
the future design and clinical application of melatonin-based nanotherapeutics. 
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1. Introduction 

1.1 Melatonin Biology and Therapeutic 
Potential 

Melatonin (N-acetyl-5-methoxytryptamine) is an 
evolutionarily conserved indoleamine widely present 
in bacteria, plants, and vertebrates, where it 
participates in fundamental biological processes [1, 2]. 

Since its discovery in 1958 [3], scientific 
understanding of this molecule has expanded 
substantially. Melatonin was initially described as a 
hormone associated with darkness that regulates the 
sleep–wake cycle. Subsequent research has 
demonstrated that it functions as a pleiotropic 
molecule involved in a broad range of physiological 
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and pathological processes [4]. Although the pineal 
gland represents the principal source of systemic 
melatonin secretion, substantial synthesis also occurs 
in peripheral tissues such as the gastrointestinal tract, 
liver, and skin. In these tissues melatonin may exert 
local regulatory functions through autocrine or 
paracrine signaling mechanisms [5]. 

The diverse biological activities of melatonin are 
closely related to its distinctive mechanisms of action. 
As an amphiphilic molecule with both lipophilic and 
hydrophilic properties, melatonin readily crosses 
biological membranes and can distribute throughout 
multiple cellular compartments, including the 
cytoplasm, nucleus, and mitochondria [6]. After 
entering the cell, melatonin participates in cellular 
regulation through two major pathways. One 
pathway involves receptor-mediated signaling. 
Melatonin binds to membrane receptors melatonin 
receptor 1 (MT1) and melatonin receptor 2 (MT2) as 
well as nuclear receptors such as retinoic acid 
receptor-related orphan receptor alpha (RORα), 
thereby regulating circadian rhythms, immune 
responses, and cellular energy metabolism [7]. The 
second pathway involves receptor-independent 
antioxidant activity. In contrast to conventional 
antioxidants, melatonin and its metabolites, including 
N¹-acetyl-N²-formyl-5-methoxykynuramine (AFMK) 
and N¹-acetyl-5-methoxykynuramine (AMK), 
participate in a cascade reaction that neutralizes 
reactive oxygen and nitrogen species (ROS/RNS). 
Through this cascade mechanism a single melatonin 
molecule can scavenge multiple free radicals, with 
some studies suggesting the neutralization of up to 
ten ROS or RNS molecules [8]. In addition, melatonin 
exerts protective effects directly within mitochondria, 
contributing to the preservation of mitochondrial 
function and cellular energy homeostasis [9]. 

Because of these pleiotropic biological 
properties, melatonin has attracted considerable 
attention as a potential therapeutic agent. 
Experimental and preclinical studies have reported 
beneficial effects in neuroprotection [10], anti‑ 
inflammatory therapy [11], cancer biology [12], 
metabolic regulation [13], and tissue regeneration 
[14]. However, the translation of these findings into 
clinical benefit has been inconsistent. Several clinical 
trials have produced heterogeneous outcomes with 
significant variability in therapeutic responses. These 
inconsistencies highlight important limitations 
associated with the clinical application of melatonin. 

1.2 Biopharmaceutical Barriers 
The limited clinical efficacy of melatonin is not 

primarily related to the absence of pharmacological 
activity. Instead, it arises largely from unfavorable 

physicochemical properties combined with significant 
pharmacokinetic constraints that restrict the 
achievement of stable therapeutic concentrations in 
vivo [15]. 

1.2.1 Physicochemical Properties and Stability 
Constraints 

Melatonin is a relatively lipophilic small 
molecule with a partition coefficient (log P) of 
approximately 1.6 and very low aqueous solubility of 
about 0.1 mg/mL [16]. The poor water solubility 
limits the development of high‑concentration 
formulations and complicates formulation strategies 
for conventional pharmaceutical dosage forms. In 
addition, melatonin is sensitive to environmental 
factors such as light, heat, and oxidative conditions. 
Exposure to these factors during formulation 
processing or storage may lead to chemical 
degradation, which can reduce the stability of 
pharmaceutical preparations and compromise 
therapeutic effectiveness [17, 18].  

1.2.2 First-Pass Metabolism and Low Bioavailability 

Oral administration remains the most common 
route for melatonin delivery, yet its absolute 
bioavailability is relatively low and highly variable, 
typically ranging from 2.5% to 33% [19]. A major 
contributor to this low systemic availability is 
extensive hepatic first‑pass metabolism. After 
gastrointestinal absorption, approximately 90% of 
circulating melatonin is rapidly metabolized by 
hepatic cytochrome P450 (CYP) enzymes, particularly 
cytochrome P450 1A2 (CYP1A2), to form the inactive 
metabolite 6‑hydroxymelatonin. This metabolite 
subsequently undergoes conjugation and is 
eliminated from the body [20]. In addition, the acidic 
environment of the stomach may induce partial 
degradation of melatonin before absorption occurs, 
which further decreases the efficiency of oral delivery 
[21]. Another pharmacokinetic limitation is the short 
plasma half‑life of melatonin. Following intravenous 
administration, the distribution half-life of melatonin 
is typically 20–40 minutes, reflecting rapid initial 
clearance [19, 22]. Such rapid elimination prevents the 
maintenance of stable therapeutic concentrations 
during the night and limits the ability of conventional 
formulations to reproduce the physiological secretion 
pattern of endogenous melatonin [22], which exhibits 
a distinct circadian peak rather than a constant 
sustained level.  

1.2.3 Physiological Barrier Limitations 

For therapeutic applications involving central 
nervous system (CNS) disorders such as Alzheimer's 
disease (AD) or Parkinson's disease (PD), the 
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blood-brain barrier (BBB) represents a major obstacle 
to effective drug delivery. Although the lipophilic 
nature of melatonin theoretically permits passive 
diffusion across the BBB [23], its accumulation within 
brain tissue is often insufficient under pathological 
conditions [24]. The BBB is not a uniform barrier; it 
exhibits regional heterogeneity in transporter 
expression and tight junction integrity [25]. Moreover, 
disease states such as neuroinflammation can alter 
BBB permeability in unpredictable ways, sometimes 
increasing leakiness while simultaneously 
upregulating efflux transporters [26, 27].  

Efflux transporters expressed on BBB endothelial 
cells, including P-glycoprotein (P‑gp), an 
ATP-dependent efflux pump that recognizes and 
extrudes a broad spectrum of lipophilic and 
amphipathic molecules [28]. Given its lipophilic 
nature, melatonin may be susceptible to such efflux 
mechanisms; the net CNS accumulation of any 
compound subject to P‑gp‑mediated transport is 
determined by the balance between passive influx and 
active efflux. This efflux mechanism is particularly 
detrimental when P‑gp expression is upregulated, as 
occurs in drug‑resistant epilepsy, certain brain 
tumors, and chronic neuroinflammation [26]. 
Furthermore, genetic polymorphisms in the 
ATP-binding cassette subfamily B member 1 (ABCB1) 
gene encoding P‑gp contribute to interindividual 
variability in transporter activity, which may partially 
explain the heterogeneous clinical responses to oral 
melatonin [29]. Thus, while passive diffusion across 
the BBB is theoretically possible, net brain uptake of 
melatonin is substantially constrained by 
P‑gp‑mediated efflux.  

A parallel challenge exists for transdermal 
delivery, which has been investigated as a strategy to 
bypass hepatic first‑pass metabolism. Here, the 
outermost layer of the skin, the stratum corneum, 
forms a dense and highly organized barrier that 
significantly restricts the passive diffusion of most 
molecules. Consequently, transdermal permeation of 
melatonin is often limited, and therapeutic levels may 
not be reliably achieved without formulation 
strategies designed to overcome this obstacle [30, 31]. 

Taken together, these physiological barriers— 
spanning the BBB, stratum corneum, gastrointestinal 
tract, and mucosal surfaces—highlight a central 
theme of this review: the therapeutic efficacy of 
melatonin is dictated not merely by its intrinsic 
pharmacological activity, but by the ability of 
advanced delivery systems to navigate or circumvent 
these obstacles. The key barriers and pharmacokinetic 
challenges limiting the clinical application of 
melatonin are summarized in Figure 1. 

1.3 Nanotechnology Strategies 
To address these challenges, advanced drug 

delivery systems (DDS) based on nanocarrier 
technologies have attracted increasing attention as 
potential strategies for improving the clinical 
performance of melatonin [4, 32]. 

Nanotechnology in drug delivery involves more 
than simple reduction in particle size. Materials 
engineered at the nanoscale, typically within the 
range of 1–200 nm, exhibit unique physicochemical 
properties that can modify the absorption, 
distribution, metabolism, and elimination of 
therapeutic agents [33]. Encapsulation of melatonin 
within lipid‑based or polymeric matrices can protect 
the molecule from degradation by digestive enzymes 
in the gastrointestinal tract and from metabolic 
enzymes in systemic circulation. Such physical 
protection improves chemical stability and may 
prolong the systemic residence time of the drug [4]. 
Moreover, nanoscale particles possess a high 
surface‑area‑to‑volume ratio. According to the 
Noyes–Whitney equation, this increased surface area 
can significantly enhance the dissolution rate of 
poorly water‑soluble compounds. By adjusting the 
composition and structural characteristics of carrier 
materials, it is also possible to design delivery systems 
that exhibit diverse release profiles, ranging from 
rapid release to sustained release over several days or 
even weeks. 

Functionalized nanocarriers further provide 
opportunities to overcome biological barriers through 
targeted delivery strategies. Surface modification with 
ligands such as transferrin can facilitate 
receptor‑mediated transcytosis across the BBB, 
thereby enhancing drug transport into the brain. 
Similarly, the mucoadhesive properties of materials 
such as chitosan can increase the residence time of 
drug formulations within the nasal cavity, allowing 
direct nose‑to‑brain transport and partially bypassing 
systemic circulation [34, 35]. These active targeting 
strategies may increase drug accumulation at disease 
sites while reducing systemic exposure, thereby 
improving therapeutic efficacy and limiting potential 
adverse effects [36]. 

1.4 Scope and Objectives of this Review 

Existing review articles have often focused either 
on the pharmacological mechanisms of melatonin or 
on specific classes of nanocarriers. However, a 
systematic analysis that integrates the 
physicochemical properties of carrier materials with 
the mechanisms of overcoming specific biological 
barriers remains conspicuously absent. In particular, 
the relationships among carrier design, structural 
characteristics, drug loading behavior, and 
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mechanisms for overcoming biological barriers have 
not been comprehensively analyzed. 

The aim of this review is to present a critical 
assessment of existing melatonin delivery systems, 
organized according to carrier material classification 
and examined in the context of their intended 
administration routes, including oral, intranasal, 
transdermal, and others. Accordingly, the review first 
examines the design principles of major carrier 
platforms, with particular emphasis on how their 
physicochemical characteristics can be rationally 
tuned to address distinct barrier challenges, thereby 
influencing drug loading capacity, formulation 
stability, and release kinetics. Subsequently, delivery 
strategies are discussed in relation to specific routes of 
administration and the physiological barriers they are 
designed to overcome. Finally, the challenges 
associated with translating these nanomedicine 
platforms from laboratory research to clinical 
application are critically evaluated, including issues 
related to chemistry, manufacturing, and control, 

large‑scale production, and regulatory considerations. 
Through this analysis, the review aims to provide a 
rational framework for the future development and 
clinical translation of melatonin‑based 
nanotherapeutics. 

To ensure a comprehensive and balanced 
overview of the field, a systematic literature search 
was conducted using the following electronic 
databases: PubMed (MEDLINE), Web of Science Core 
Collection, and Scopus. The search covered 
publications from January 2000 to December 2025, 
reflecting the period during which 
nanotechnology-based delivery strategies for 
melatonin have been actively developed. 
Additionally, relevant articles published online ahead 
of print through March 2026 were included to ensure 
the review reflects the most current advancements in 
the field. The primary search strategy employed 
combinations of the following keywords and Boolean 
operators: ("melatonin") AND ("nanoparticles" OR 
"nanocarriers" OR "drug delivery system" OR 

 

 
Figure 1. Physiological barriers and pharmacokinetic challenges limiting the clinical efficacy of melatonin. This figure illustrates the key physiological barriers and pharmacokinetic 
limitations that hinder the clinical application of melatonin. (1) Oral and hepatic barrier represents the major route of drug loss, where melatonin undergoes acidic degradation 
in the stomach and extensive first-pass metabolism mediated by CYP1A2 in the liver, resulting in over 90% of drug loss. (2) BBB with brick-like tight junctions and P‑gp efflux 
transporters impedes efficient brain accumulation, restricting access to CNS targets. (3) Skin barrier characterized by a stratum corneum brick-and-mortar structure impairs 
passive diffusion, limiting topical bioavailability. Additionally, melatonin exhibits an ultra-short half-life of approximately 30 minutes, further complicating the maintenance of 
therapeutic drug levels. 
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"liposomes" OR "PLGA" OR "chitosan" OR "lipid 
nanoparticles" OR "microneedle" OR "intranasal" OR 
"transdermal"). Additional targeted searches were 
performed for specific administration routes and 
disease models (e.g., "nose-to-brain," "ocular 
delivery," "Alzheimer's disease," "cancer"). This 
structured approach was intended to minimize 
selection bias and provide a representative and critical 
analysis of the current state of melatonin nanocarrier 
research. 

2. Lipid-Based Nanocarriers 
Lipid‑based carriers have become an important 

platform in nanomedicine because of their strong 
biomimetic characteristics, favorable biocompatibility, 
and inherent capacity to encapsulate hydrophobic 
molecules. These properties make them particularly 
suitable for the delivery of bioactive compounds such 
as melatonin [37]. The technological progression from 
classical liposomes to nanostructured lipid carriers 
(NLCs) reflects a continuous effort to improve drug 
loading capacity, physical stability, and biological 
performance. Beyond these improvements, a major 
objective of this evolution is the ability to regulate 
drug release kinetics in a spatial and temporal manner 
so that therapeutic exposure can be aligned more 
closely with clinical requirements [38]. 

2.1 Liposomes 

Liposomes are closed spherical vesicles formed 
through the self‑assembly of phospholipid bilayers, 
capable of encapsulating both hydrophilic and 
lipophilic compounds [39]. Particle size critically 
influences their biological fate: smaller vesicles (50–
100 nm) evade rapid clearance by the mononuclear 
phagocyte system, thereby displaying prolonged 
circulation times [40-42]. However, conventional 
liposomes are relatively rigid and inefficient for 
transdermal drug delivery [43], and they exhibit 
limited drug loading capacity and physical instability 
during storage. These limitations have driven the 
development of flexible vesicles and next‑generation 
lipid nanocarriers. 

2.2 Flexible Vesicles 

To address the limited transdermal permeability 
of conventional liposomes, researchers have 
developed flexible vesicular systems through 
modification of membrane composition. These 
systems are designed to enhance membrane fluidity 
and deformability, thereby improving the ability of 
vesicles to penetrate the skin barrier. 

2.2.1 Transfersomes 

Transfersomes are deformable lipid vesicles that 

incorporate edge activators such as sodium cholate or 
Polysorbate‑80 into the phospholipid bilayer. These 
surfactants reduce the interfacial tension of the 
membrane and significantly increase vesicle elasticity 
[44, 45]. As a result, transfersomes are capable of 
passing through intercellular pores in the stratum 
corneum that are considerably smaller than the vesicle 
diameter. Through this deformable transport 
mechanism, transfersomes can facilitate efficient 
transdermal delivery of drugs including melatonin, 
which must overcome the barrier properties of the 
skin. 

2.2.2 Ethosomes 

Ethosomes represent another class of flexible 
vesicles characterized by the presence of high 
concentrations of ethanol. Ethanol contributes to 
transdermal permeation through two complementary 
mechanisms. First, it increases the fluidity of the lipid 
membrane within the vesicle. Second, it disrupts the 
ordered lipid arrangement within the stratum 
corneum, thereby weakening the skin barrier [46]. 
Studies have demonstrated that melatonin‑loaded 
ethosomes significantly increase transdermal flux and 
reduce the lag time associated with drug permeation. 
Specifically, melatonin ethosomes with an entrapment 
efficiency of 70.7 ± 1.4% and a vesicular size of 122 ± 
3.5 nm achieved a transdermal flux of 59.2 ± 1.22 
μg/cm²/h across human cadaver skin and reduced 
the permeation lag time to 0.9 h. Confocal laser 
scanning microscopy confirmed enhanced 
penetration of the encapsulated payload to a depth of 
240 μm within the skin [47]. These characteristics 
make ethosomes an effective strategy for enhancing 
the transdermal delivery of melatonin and other 
lipophilic molecules. 

2.3 Surface Targeting Modifications 

In addition to structural optimization of vesicles, 
surface engineering strategies have been applied to 
lipid‑based carriers to achieve targeted drug delivery. 
By introducing specific ligands onto the carrier 
surface, it is possible to direct nanocarriers toward 
particular tissues or biological barriers. In the context 
of melatonin delivery, two major targeting strategies 
have been explored, including brain‑targeting 
systems and skin‑targeted delivery. 

2.3.1 Brain‑Targeting Strategies 

The BBB represents a highly selective 
physiological barrier that restricts the entry of most 
therapeutic agents into the CNS. To enhance brain 
delivery, researchers have modified the surface of 
polyethylene glycol (PEG) -modified liposomes with 
targeting ligands such as anti-transferrin receptor 
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monoclonal antibodies (e.g., clone OX26) or 
lactoferrin. These ligands interact with specific 
receptors expressed on the endothelial cells of the BBB 
and trigger receptor‑mediated transcytosis, allowing 
the nanocarriers to cross the barrier and deliver drugs 
into brain tissue, although the efficiency of this 
process is highly dependent on ligand density, 
particle size, and surface PEGylation [48-50]. This 
strategy can significantly increase the concentration of 
melatonin within the CNS and may improve its 
therapeutic potential for neurological disorders. 

2.3.2 Skin‑Targeted Delivery 

Lipid vesicles interact with the skin through 
several possible mechanisms. These include direct 
penetration of intact vesicles through the stratum 
corneum, disruption or rearrangement of skin lipids 
that enhances permeation, fusion between vesicle 
lipids and endogenous skin lipids, and transport 
through hair follicles [51, 52]. In addition, lipid 
vesicles may create an occlusive effect that increases 
hydration of the stratum corneum, which in turn 
facilitates drug diffusion. Due to their favorable 
biocompatibility and low irritation potential, these 
systems are particularly suitable for drug delivery to 
damaged or inflamed skin tissues [53]. Consequently, 
lipid‑based vesicles have become an important 
platform for targeted dermatological therapy. Beyond 
surface functionalization, modifications to the core 
structure of lipid carriers have also yielded substantial 
improvements in pharmaceutical performance. 

2.4 Solid Lipid Nanoparticles (SLNs) 

To overcome the pharmaceutical limitations of 
traditional liposomes, including drug leakage and 
residual organic solvents, SLNs were developed as an 
alternative lipid‑based delivery system. SLNs are 
composed of physiological lipids that remain solid at 
both room temperature and physiological 
temperature, forming a solid matrix core capable of 
encapsulating therapeutic compounds. This solid 
structure not only provides protection against 
chemical degradation but also enables SLNs to 
overcome key biological barriers depending on the 
administration route. For oral delivery, SLNs can 
bypass hepatic first‑pass metabolism via intestinal 
lymphatic transport, a pathway whose efficiency 
depends critically on lipid composition, particle size, 
and surface hydrophobicity, thereby enhancing 
systemic bioavailability [54].  

In the context of melatonin delivery, SLNs have 
been shown to significantly improve the 
photostability of the molecule [55] and provide 
sustained drug release through oral or transdermal 
routes. In a clinical pharmacokinetic study involving 

healthy subjects, oral administration of melatonin‑ 
loaded SLN (3 mg) increased the mean area under the 
curve (AUC) approximately two‑fold compared with 
a standard immediate‑release formulation (169,945 ± 
64,954 vs. 85,148 ± 50,643 pg/mL·h, p = 0.018) and 
prolonged the elimination half‑life from 48.2 ± 8.9 min 
to 93.1 ± 37.1 min (p = 0.009). Transdermal application 
of the same formulation-maintained plasma levels 
above 50 pg/mL for at least 24 h, with a mean 
elimination half‑life of 24.6 ± 12.0 h [56]. This 
sustained-release capability, combined with the 
potential for intestinal lymphatic transport, makes 
SLNs particularly attractive for oral melatonin 
delivery when bypassing hepatic first‑pass 
metabolism is a primary objective. Moreover, surface 
cationization of SLNs has proven effective for ocular 
delivery, as demonstrated by a single topical 
application achieving a maximum intraocular 
pressure reduction of −7 mmHg (p < 0.01) sustained 
for approximately 24 h in a glaucoma model [57].  

However, SLNs are associated with certain 
technical limitations. During storage, the solid lipid 
matrix may undergo polymorphic transitions, leading 
to drug expulsion and an undesirable burst release 
phenomenon [58]. These limitations have stimulated 
the development of improved lipid carriers with more 
flexible crystalline structures. 

2.5 NLCs 
NLCs represent an advanced generation of lipid 

nanocarriers developed to overcome the limitations of 
SLNs. NLCs are designed based on the concept of 
imperfect crystal structures. By incorporating liquid 
lipids into the solid lipid matrix, the highly ordered 
crystalline structure is disrupted, creating structural 
imperfections and amorphous regions at the 
nanoscale [59]. 

This modified lattice structure provides 
additional space for drug molecules such as 
melatonin, thereby increasing the drug loading 
capacity. At the same time, the presence of structural 
defects helps prevent drug expulsion during storage 
and improves the overall physical stability of the 
formulation [60]. Experimental studies have shown 
that melatonin‑loaded NLCs exhibit enhanced skin 
permeation and improved therapeutic performance 
compared with free drug formulations [61]. As a 
result, NLCs are considered one of the most 
promising lipid‑based nanocarriers for melatonin 
delivery. Beyond their improved drug loading and 
stability, NLCs exhibit excellent performance in 
nose-to-brain delivery when surface‑modified with 
chitosan, effectively bypassing the blood–brain 
barrier.  

The structural evolution of lipid-based 
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nanocarriers from liposomes to NLCs carriers for 
melatonin delivery was summarized and illustrated 
in Figure 2. 

2.6 Manufacturing and Excipient 
Considerations 

The performance of lipid‑based carriers is not 
determined solely by their structural design. 
Manufacturing processes and excipient selection also 
play critical roles in determining the physicochemical 
properties and biological performance of the final 
formulation. Appropriate alignment between 
preparation methods and carrier structure is therefore 
essential. 

2.6.1 Preparation Method 

Because melatonin is sensitive to both light and 
heat, preparation methods must be selected to 
minimize degradation during processing. 
High‑pressure homogenization is widely used in 
industrial production of lipid nanocarriers. For 
melatonin formulations, the cold high‑pressure 
homogenization method is often preferred. In this 
approach the drug is first dissolved in molten lipid 
and rapidly solidified through cooling, followed by 
mechanical milling at low temperature. This process 
reduces the exposure of melatonin to prolonged high 
temperatures that occur in conventional hot 

homogenization methods and therefore helps 
preserve drug stability [62, 63]. 

Supercritical fluid technology has also been 
investigated as an alternative preparation method. 
Liposomes prepared using supercritical carbon 
dioxide have demonstrated encapsulation efficiencies 
of approximately 82.2% and particle sizes around 66 
nm. These formulations exhibit good storage stability 
and minimal organic solvent residues. In vitro 
digestion studies indicate that such systems can 
produce an initial sustained release phase followed by 
complete drug release, which may be beneficial for 
maintaining therapeutic concentrations [64, 65]. 

Other preparation methods have also been 
explored. Microemulsion techniques are relatively 
simple and do not require high energy input. 
However, they often require high concentrations of 
surfactants and co‑surfactants to maintain system 
stability, which may increase the risk of cytotoxicity 
and limit long‑term administration [66]. Solvent 
emulsification‑evaporation methods can produce 
nanocarriers with small particle sizes but require 
careful control of residual organic solvents. 
Compared with these approaches, cold high‑pressure 
homogenization and supercritical fluid technology 
are generally considered more suitable for melatonin 
lipid formulations. 

 

 
Figure 2. Structural evolution of lipid-based nanocarriers from liposomes to NLCs for melatonin delivery. This figure illustrates the structural evolution of lipid-based 
nanocarriers, highlighting their design principles and advantages for melatonin encapsulation. Section A presents liposomes and their functional variants. Conventional liposomes 
are vesicular structures with phospholipid bilayers. Derivatives such as ultradeformable transfersomes enhance skin penetration, while ligand-targeted liposomes enable specific 
tissue accumulation through antibody conjugation. Section B shows solid lipid nanoparticles, which consist of a perfect crystalline lipid lattice. Although they provide stability, the 
rigid crystal structure can lead to drug expulsion during storage or phase transition. Section C depicts NLCs, the next-generation system. By incorporating liquid lipids into the 
solid lipid matrix to form an imperfect lattice, these carriers avoid drug expulsion and achieve higher drug loading capacity, representing an optimized platform for sustained 
melatonin release. 
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2.6.2 Key Excipients 

The selection of excipients must correspond to 
the structural characteristics and functional objectives 
of the carrier system. Lipid matrices represent the first 
category of critical excipients. Compared with simple 
fatty acids, complex glycerides can form less ordered 
crystalline structures, which provide more space for 
drug incorporation and enhance loading capacity [67]. 
This characteristic is particularly important for NLC 
formulations designed to create lattice imperfections. 

The second category includes surfactants and 
stabilizers that influence nanocarrier stability and 
biological distribution. Poloxamer 188, for instance, 
can reduce uptake by phagocytic cells through steric 
stabilization, thereby prolonging circulation time in 
the bloodstream. Polysorbate 80, on the other hand, 
can adsorb apolipoprotein E on the nanocarrier 
surface, which facilitates transport across the BBB and 
supports brain‑targeting strategies [68]. 

A widely adopted strategy for surface 
modification involves PEG. PEGylation produces 
so‑called stealth liposomes that exhibit improved 
colloidal stability through steric repulsion, effectively 
reducing protein adsorption and delaying recognition 
by the mononuclear phagocyte system. However, the 
chain length and surface density of PEG must be 
carefully optimized. While insufficient PEGylation 
fails to provide adequate protection, excessive 
PEGylation may trigger immune responses—such as 
the accelerated blood clearance phenomenon—or 
alter interactions with biological systems in 
unintended ways. These issues should be thoroughly 
evaluated during clinical development [69, 70]. 
Therefore, PEGylation represents a valuable but not 
universally ideal surface engineering approach.  

The third category includes targeting ligands. 
Molecules such as monoclonal antibodies, peptides, 
aptamers, or growth factors can be conjugated to the 
surface of nanocarriers. These ligands enable active 
targeting by promoting selective accumulation of the 
drug within diseased tissues [71]. 

2.7 Release Kinetics 

The structural evolution and functional 
modification of lipid‑based carriers ultimately 
manifest in their drug release behavior. For melatonin 
delivery, the design of an optimal release profile must 
reconcile two distinct pharmacokinetic imperatives. 
First, the rapid distribution half‑life of the free 
molecule necessitates a prompt initial release to 
achieve timely sleep onset [19, 22]. Second, 
maintaining therapeutic plasma concentrations 
throughout the night requires sustained drug 
delivery—a goal that prolonged‑release formulations 

address by extending the apparent elimination 
half‑life [72]. Importantly, while such formulations 
offer a prolonged pharmacokinetic profile, this 
constant‑rate delivery should not be conflated with 
true mimicry of the endogenous circadian rhythm, 
which is characterized by a dynamic nocturnal peak 
rather than a steady‑state plateau. 

The release profile of lipid nanocarriers typically 
consists of an initial phase in which drug molecules 
located on or near the particle surface are released 
rapidly, followed by a slower release phase governed 
by diffusion and gradual erosion of the lipid matrix 
[73]. This biphasic behavior is often described using 
the Korsmeyer–Peppas model [74]. For spherical 
nanocarriers, a diffusion exponent value between 0.43 
and 0.85 indicates non‑Fickian transport, which 
reflects the combined influence of diffusion and 
matrix relaxation processes. By adjusting formulation 
parameters such as the proportion of liquid lipids in 
NLC systems or introducing surface modifications 
such as ligand conjugation, it is possible to regulate 
the diffusion exponent and thereby tailor the release 
profile to specific therapeutic requirements [75]. 

3. Polymeric Delivery Systems 
Lipid‑based carriers exhibit strong biomimetic 

characteristics, whereas polymeric nanocarriers offer 
advantages in structural stability, controllable 
degradation kinetics, and extensive opportunities for 
surface functionalization. These features have 
established polymeric systems as an important 
component of modern drug delivery platforms [76]. 
Polymeric systems encompass a versatile range of 
formulations, including nanocarriers and 
stimuli‑responsive hydrogels. For melatonin delivery, 
polymer‑based carriers can provide sustained drug 
release and can also be engineered through precise 
chemical design to form intelligent delivery systems 
capable of sensing and responding to specific 
microenvironmental signals [77]. Biodegradable 
polymer nanocarriers generally exhibit particle sizes 
within the range of approximately 10 to 1000 nm. 
Drugs can be incorporated into these systems through 
adsorption, chemical conjugation, or physical 
encapsulation, thereby protecting the therapeutic 
compound from degradation while allowing flexible 
control of pharmacokinetic behavior. The tunable 
chemical structure of polymeric carriers provides a 
robust foundation for customized pharmacological 
applications [78]. The key characteristics of major 
nanocarrier platforms investigated for melatonin 
delivery, including their formulation materials, key 
advantages, major limitations, and relevant 
references, were summarized and illustrated in Table 
1. 
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Table 1. Summary of Melatonin Nanocarriers: Types, Advantages, and Limitations 

Carrier Type Formulation Material Key Advantages Major Limitations Reference 
Liposomes Phospholipids, Cholesterol High biocompatibility; mimics cell 

membranes; easy to functionalize.  
Poor stability; low loading for hydrophobic drugs; rapid 
leakage.  

[37, 40, 41, 64] 

SLNs Solid lipids (e.g., Stearic 
acid), Surfactants 

Controlled release; avoids organic solvents; 
large-scale production possible.  

Drug expulsion during storage due to crystal transition; 
limited loading space.  

[54, 58, 59, 62, 
63, 67] 

NLCs Solid lipids + Liquid oils 
(e.g., Oleic acid) 

High drug loading; improved stability; 
minimal drug expulsion (imperfect lattice).  

Complex manufacturing compared to SLNs; potential 
particle growth.  

[59, 60, 61, 63] 

PLGA nanoparticles PLGA Excellent sustained release (weeks/months); 
biodegradable; FDA-approved.  

Use of organic solvents; acidic degradation products 
may cause local inflammation.  

[78, 79, 82, 85, 
86] 

Chitosan 
nanoparticles 

Chitosan (Natural 
polysaccharide) 

Mucoadhesive (positive charge); opens tight 
junctions; excellent for intranasal delivery.  

High sensitivity to pH/ionic strength; low mechanical 
strength.  

[16, 94, 96, 97] 

Cyclodextrins Cyclic oligosaccharides (α, β, 
γ-CDs) 

Enhances solubility of melatonin; improves 
chemical stability; fast absorption.  

Limited controlled-release capability; primarily suitable 
for solubility enhancement rather than sustained 
delivery. 

[102, 104]  

Hydrogels Carbopol, Chitosan, 
Alginate 

High water content; prolonged local residence 
time; tunable viscosity.  

High initial burst release; difficult to achieve precise 
dose control.  

[76, 112] 

 
 

3.1 Poly(lactic‑co‑glycolic acid) (PLGA) 
Nanoparticles 

PLGA is a synthetic biodegradable polymer that 
has received approval from the United States Food 
and Drug Administration (FDA) and has been 
extensively applied in biomedical research and 
pharmaceutical formulations [79, 80]. 
Melatonin‑loaded PLGA nanoparticles prepared 
through the emulsion–solvent evaporation method 
have demonstrated effective sustained‑release 
characteristics [81]. A major advantage of this system 
lies in its ability to modulate degradation behavior 
and drug release profiles through adjustment of the 
monomer composition and molecular weight of the 
polymer. 

By altering the ratio of lactic acid to glycolic acid, 
it is possible to control the hydrophilicity and 
degradation rate of the copolymer [82]. Encapsulation 
of melatonin within PLGA nanoparticles can also 
reduce degradation caused by gastric acid and 
digestive enzymes, promote uptake by intestinal 
microfold cells (M cells), and partially mitigate 
hepatic first‑pass metabolism. These effects 
collectively contribute to improved systemic 
bioavailability of the drug [83]. The tunable drug 
release kinetics of melatonin enabled by different 
nanocarrier systems were summarized and illustrated 
in Figure 3. 

Despite these advantages, PLGA degradation 
generates acidic by‑products such as lactic acid and 
glycolic acid. Accumulation of these products within 
the nanocarrier matrix may create a localized acidic 
microenvironment. This microenvironment can 
accelerate polymer degradation through autocatalytic 
processes and may also affect the chemical stability of 
melatonin [84–86]. One strategy to mitigate this issue 
involves incorporating alkaline buffering agents such 
as magnesium hydroxide or zinc carbonate into the 

PLGA matrix. These compounds neutralize the acidic 
environment generated during polymer degradation 
and help maintain stable and more predictable drug 
release kinetics [87].  

Beyond degradation control, surface engineering 
further expands the utility of PLGA nanocarriers. 
Unmodified PLGA nanoparticles possess 
hydrophobic surfaces and a negative charge, making 
them prone to rapid clearance by the mononuclear 
phagocyte system. PEGylation of PLGA nanoparticles 
prolongs circulation time and improves systemic 
stability [88]. In addition, reactive functional groups 
on the PLGA surface enable the conjugation of 
targeting ligands. For example, folic acid‑modified 
PLGA nanoparticles can selectively target folate 
receptors overexpressed on many tumor cells [89], 
promoting preferential accumulation of melatonin in 
tumor tissues and enhancing antitumor efficacy while 
reducing systemic adverse effects. Such targeted 
systems may help exploit the potential of melatonin as 
a chemotherapeutic sensitizer and 
immunomodulatory agent. 

3.2 Chitosan Nanoparticles 
Chitosan, a natural polysaccharide derived from 

the deacetylation of chitin, possesses intrinsic cationic 
properties, favorable biocompatibility, and 
biodegradability. These characteristics make it an 
attractive carrier material for melatonin delivery, 
particularly in nose‑to‑brain transport systems [90]. 

The utility of chitosan in nasal delivery stems 
from two complementary mechanisms. First, under 
physiological conditions, the amino groups along the 
chitosan polymer chain become protonated, 
generating positive charges that interact 
electrostatically with negatively charged mucins on 
the nasal mucosal surface. These positively charged 
groups can interact electrostatically with negatively 
charged mucins present on the nasal mucosal surface. 
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This interaction enhances mucoadhesion and 
prolongs the residence time of the drug formulation at 
the absorption site, thereby reducing drug loss caused 
by mucociliary clearance [91]. Second, chitosan can 
also transiently and reversibly open tight junctions 
between epithelial cells in the nasal mucosa by 
modulating of proteins such as zonula occludens‑1 
(ZO‑1) [92, 93]. It should be noted that the degree of 
tight junction opening is dependent on chitosan 
molecular weight, degree of deacetylation, and 
formulation pH, factors that contribute to variability 
in delivery efficiency [94]. The resulting paracellular 
transport pathway facilitates the movement of 
melatonin across the epithelial barrier and into the 
cerebrospinal fluid, thereby improving the efficiency 
of nose‑to‑brain delivery [93].  

Experimental studies have validated the 
potential of chitosan‑based melatonin nanocarriers. 
Chitosan nanoparticles loaded with melatonin have 
demonstrated good biocompatibility in various 
cellular models, including human colorectal 
adenocarcinoma (Caco‑2) and Uppsala 87 malignant 
glioma (U87MG) cell lines, and have shown enhanced 
cellular uptake, improved antitumor activity, and the 
ability to promote wound healing [16, 95, 96]. 
Freeze‑drying of these nanocarriers with stabilizing 
agents such as trehalose can further improve their 
long‑term storage stability [97]. 

3.3 Chitosan Derivatives and Composite 
Systems 

Although chitosan possesses favorable biological 
properties, its solubility is limited to acidic 

environments. Chemical modification of the polymer 
has therefore been widely investigated to broaden its 
applicability and enhance functional performance. 

Quaternized chitosan derivatives maintain high 
water solubility and positive charge across a broad 
physiological pH range. These derivatives exhibit 
stronger capacity to open epithelial tight junctions 
compared with native chitosan, making them suitable 
for the delivery of hydrophilic drugs and 
macromolecules [98, 99]. Carboxymethyl chitosan, 
generated through the introduction of carboxyl 
groups, displays amphoteric characteristics and can 
undergo self‑assembly under specific pH conditions. 
This property provides opportunities for the 
development of stimuli‑responsive DDS [98, 99]. 

Chitosan can also be combined with other 
biomaterials to create multifunctional scaffolds for 
tissue engineering. For example, composite scaffolds 
consisting of chitosan and hydroxyapatite have been 
developed for bone regeneration. When melatonin 
and bone morphogenetic protein‑2 are co‑loaded into 
such scaffolds, the system can simultaneously 
promote osteogenic differentiation and inhibit 
osteoclast activity, thereby supporting bone repair 
processes [100]. In another strategy, melatonin and 
bone morphogenetic protein‑2 (BMP-2) can first be 
encapsulated within PLGA microspheres before 
incorporation into a chitosan scaffold. This design 
enables sequential and controlled release of growth 
factors, which further enhances bone regeneration 
outcomes [101]. 

 

 
Figure 3. Tunable release profiles of melatonin from diverse delivery systems. This figure demonstrates the tunable drug release kinetics of melatonin enabled by different 
nanocarrier systems, alongside the underlying release mechanism of PLGA nanoparticles. The left panel illustrates the erosion-mediated release pathway of PLGA nanoparticles, 
progressing from an intact polymer matrix, through surface erosion and pore formation, to final polymer hydrolysis and drug diffusion. The right panel compares cumulative 
release profiles: free melatonin exhibits an immediate burst release with nearly complete drug liberation within 1 hour. Liposomes or solid lipid nanoparticles provide 
intermediate sustained release, achieving approximately 60% cumulative release within 48 hours. PLGA nanoparticles offer linear, controlled release driven by polymer 
degradation, maintaining sustained drug delivery over 48 hours. 
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3.4 Cyclodextrin-Based Delivery Systems 
Cyclodextrins possess a unique molecular 

structure characterized by a hydrophilic exterior and 
a hydrophobic internal cavity. This architecture 
enables cyclodextrins to form host–guest inclusion 
complexes with hydrophobic molecules such as 
melatonin, thereby improving the solubility and 
stability of the drug [102]. Cyclodextrin inclusion 
complexes can be further incorporated into 
nanocarriers such as PLGA nanoparticles or 
liposomes to create multi‑level delivery systems that 
combine solubilization with sustained release. 

For example, melatonin complexed with 
hydroxypropyl‑β‑cyclodextrin can be incorporated 
into hyaluronic acid hydrogels. In osteoarthritis (OA) 
models, such systems provide sustained release of 
melatonin and improve mitochondrial function in 
chondrocytes [103]. In addition, molecular imprinting 
technology has been explored to further enhance drug 
delivery performance. By using melatonin as a 
template molecule during polymerization with 
cyclodextrin and crosslinking agents such as citric 
acid, molecularly imprinted nanosponges with 
selective recognition sites can be produced. 
Incorporation of these nanosponges into topical cream 
formulations has been shown to enhance skin 
permeation and prolong the release of melatonin 
[104]. 

3.5 Inorganic–Organic Hybrid Systems 
Inorganic nanomaterials such as mesoporous 

silica nanoparticles and metallic nanoparticles possess 
large specific surface areas, high physicochemical 
stability, and surfaces that are readily modified. These 
properties make them suitable components for 
constructing inorganic–organic hybrid delivery 
systems. 

Mesoporous silica nanoparticles (MSNs). 
MSNs exhibit highly ordered pore structures and 
substantial drug loading capacity. The pore openings 
of these particles can be capped with polymers, 
aptamers, or other gate‑forming molecules to create 
nanoscale gatekeeping systems responsive to 
environmental stimuli such as pH, redox conditions, 
or specific enzymes. When exposed to stimuli within 
the target microenvironment, the gate structures 
undergo dissociation or structural change, enabling 
controlled release of the encapsulated drug and 
reducing premature leakage during circulation 
[104-107]. 

Metallic nanoparticles. Nanoparticles 
composed of elements such as gold, palladium, or 
selenium have also been investigated in combination 
with melatonin. These hybrid systems have 

demonstrated biological effects that exceed those of 
the individual components in several experimental 
models. For instance, gold nanoparticles combined 
with melatonin have shown enhanced anti‑ 
inflammatory and antioxidant effects in models of 
testicular injury [108]. Palladium nanoparticles used 
in combination with melatonin have been reported to 
promote apoptosis in lung cancer cells [109]. Gold 
nanoparticles also possess photothermal conversion 
properties, enabling the integration of photothermal 
therapy with controlled drug release strategies [110]. 

Stimuli‑responsive hydrogels. As an important 
class of intelligent hybrid materials, stimuli‑ 
responsive hydrogels can undergo swelling, 
degradation, or phase transitions in response to 
environmental signals such as pH, ROS, or specific 
enzymes. Such responses enable precise control of 
drug release behavior. Hydrogels designed to 
respond simultaneously to acidic pH and elevated 
oxidative stress characteristic of tumor 
microenvironments can achieve site‑specific release of 
melatonin through programmed degradation 
processes [111, 112].  

Collectively, the integration of inorganic–organic 
hybrid materials with stimuli‑responsive strategies 
represents a promising direction for the development 
of precise and personalized melatonin delivery 
systems. Such platforms hold the potential to address 
multiple physiological barriers simultaneously—for 
example, facilitating blood–brain barrier penetration 
while enabling triggered intracellular drug release at 
the target site. 

4. Administration Routes for Melatonin 
The pleiotropic biological activities of melatonin 

require diverse administration routes to 
accommodate a wide range of clinical applications, 
including sleep regulation, neuroprotection, anti‑ 
inflammatory therapy, and tissue protection. 
Conventional oral administration is significantly 
affected by extensive first‑pass metabolism, which 
restricts systemic bioavailability. Consequently, the 
design of delivery strategies capable of overcoming 
specific anatomical and physiological barriers has 
become an important component in bridging 
fundamental research with clinical translation. 

4.1 Nose‑to‑Brain Delivery 
Nose‑to‑brain delivery has emerged as a 

promising strategy for transporting therapeutic 
agents directly to the CNS. This approach is designed 
to bypass physiological barriers such as the BBB and 
facilitate direct drug transport into brain tissue. 
Several pharmaceutical products delivered through 
the nasal route, including vaccines, analgesics, 
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antimigraine drugs, anticancer agents, and hormone 
therapies, have entered clinical development or 
commercialization stages [113]. As a noninvasive 
brain‑targeting method, intranasal administration has 
attracted considerable interest for the treatment of 
neurological disorders including PD and AD [114]. 

4.1.1 Anatomical Pathways 

Following intranasal administration, drugs may 
reach the brain through two principal anatomical 
pathways. The first is the olfactory pathway. In this 
mechanism, drug molecules are absorbed by the 
olfactory epithelium and transported along the axons 
of olfactory neurons toward the olfactory bulb. From 
there, the molecules may enter the cerebrospinal fluid 
and subsequently distribute to various brain regions 
[115, 116]. The second pathway involves the 
trigeminal nerve system. Branches of the trigeminal 
nerve innervating the nasal cavity are capable of 
internalizing drug molecules and transporting them 
toward the brainstem and pons [114]. Through these 
pathways, drugs can bypass systemic circulation and 
avoid the restrictive properties of the BBB, thereby 
reaching CNS targets more efficiently, though the 
extent of nose‑to‑brain transport is highly 
formulation‑dependent, influenced by factors such as 
particle size, surface charge, and mucoadhesive 
properties [117, 118]. 

Despite these advantages, nose‑to‑brain delivery 
is associated with several limitations. The nasal cavity 
has a relatively small volume, and the mucociliary 
clearance mechanism rapidly removes foreign 
substances. Additional challenges include enzymatic 
degradation within the nasal mucosa, short drug 
residence time, potential mucosal irritation, and the 
need for specialized delivery devices capable of 
ensuring accurate deposition in the upper nasal 
region [118, 119]. 

4.1.2 Nanocarrier Applications 

To exploit the anatomical advantages of 
intranasal administration, delivery systems must 
possess adequate mucosal adhesion and permeation 
capability. Nanotechnology has therefore become a 
key formulation strategy in this field [119-121]. 
Cationic chitosan coatings can enhance the 
electrostatic interaction between nanocarriers and 
negatively charged nasal mucosa, thereby increasing 
mucosal adhesion. Chitosan can also reversibly open 
tight junctions between epithelial cells, which 
improves paracellular transport and increases drug 
concentrations in the brain. Furthermore, the 
positively charged nature of chitosan allows 
interaction with negatively charged epithelial surfaces 
or promotes hydration of the mucus layer, forming a 

gel‑like barrier that prolongs residence time within 
the nasal cavity [122, 123]. The mechanism of 
intranasal melatonin delivery to the CNS using 
chitosan-functionalized nanocarriers was 
summarized and illustrated in Figure 4. 

Melatonin‑loaded polycaprolactone nanocarriers 
administered intranasally have demonstrated 
significantly higher cytotoxic activity against 
glioblastoma cells compared with free melatonin, 
with an inhibitory concentration (IC₅₀) value 
approximately 2500-fold lower than that of free 
melatonin indicating improved brain‑targeting 
efficiency [124]. Similarly, melatonin-loaded lipidic 
nanocapsules (LNCs) exhibited 10.35‑fold higher 
permeation across sheep nasal mucosa compared 
with drug solution, and post‑ischemic intranasal 
administration significantly reduced oxidative stress 
markers while restoring hippocampal neurons in a 
cerebral ischemia/reperfusion model [125]. In 
addition, melatonin–dopamine derived 
nanocomposites exhibiting near‑infrared 
responsiveness have been reported to inhibit 
β‑amyloid aggregation and alleviate oxidative stress 
and inflammatory responses in models of AD [126]. 

Preclinical studies have further demonstrated 
that intranasal administration of melatonin 
nanocarriers can produce pronounced sleep‑inducing 
effects, with higher brain targeting efficiency than 
intravenous administration [127]. However, this 
delivery route still faces several challenges, including 
dose limitations, local tolerability concerns, and 
potential pulmonary exposure associated with 
aerosolized formulations [128]. 

4.2 Pulmonary Inhalation Delivery 
The lung represents an attractive target for 

systemic drug delivery because of its large absorption 
surface area and extremely thin air–blood barrier. 
These characteristics enable rapid drug absorption 
into the systemic circulation and are particularly 
relevant for the treatment of pulmonary disorders 
such as acute lung injury [129]. Aerodynamic 
properties are critical determinants of drug deposition 
within the respiratory tract. For efficient deep lung 
deposition and systemic absorption, inhalable 
particles generally require a mass median 
aerodynamic diameter between 1 and 5 μm [130]. 

Large porous particle technology has been 
developed to optimize pulmonary deposition. These 
particles possess relatively large geometric diameters 
but extremely low density, allowing them to deposit 
efficiently in the deep lung while avoiding rapid 
phagocytosis by alveolar macrophages [131]. 
Pharmacokinetic modeling suggests that inhalation of 
2 mg melatonin could theoretically produce plasma 
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concentrations up to 26.8 times higher than those 
achieved through oral administration at the same 
dose, highlighting the high efficiency of pulmonary 
delivery [132]. 

Melatonin large porous particles produced by 
spray‑drying technology have demonstrated rapid 
systemic absorption following inhalation while 
maintaining elevated local drug concentrations in the 
alveolar region. Through direct neutralization of ROS, 
these formulations may effectively reduce 
inflammation and oxidative stress associated with 
acute lung injury [133]. 

4.3 Oral Delivery Systems 

Despite the challenges associated with oral 
administration, this route remains the most widely 
used in clinical practice because of its convenience 
and high patient compliance. Oral melatonin 
formulations are particularly relevant for sleep 
management in patients with neurodegenerative 
diseases [134]. However, the bioavailability of orally 
administered melatonin remains relatively low, 
typically around 15%, with considerable 
interindividual variability. These limitations arise 
from inconsistent gastrointestinal absorption and 
extensive hepatic first‑pass metabolism [19]. 

 

 
Figure 4. Intranasal melatonin delivery to the CNS via chitosan-modified nanocarriers. This figure illustrates the mechanism of intranasal melatonin delivery to the CNS using 
chitosan-functionalized nanoparticles. Chitosan-coated nanoparticles are administered via a nasal spray device. The positively charged chitosan enables mucoadhesion through 
electrostatic interactions with the negatively charged nasal mucus, prolonging the residence time of the formulation. The nanoparticles traverse the nasal epithelium via two main 
pathways: the olfactory nerve pathway, which transports drug molecules to the olfactory bulb and further into the brain, and the trigeminal nerve pathway, which delivers drug 
to the pons and medulla. Additionally, the nanoparticles can reversibly open epithelial tight junctions, creating paracellular shunts that enhance drug penetration into the CNS, 
thereby bypassing the systemic circulation and BBB for targeted central therapeutic effects. 
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The application of nanotechnology to oral 
melatonin formulations has primarily focused on 
improving drug solubility and metabolic stability. 
Gastric retention systems represent one strategy for 
enhancing oral delivery. Floating systems or 
bioadhesive microspheres can prolong the residence 
time of the drug in the stomach, enabling sustained 
drug release. Such systems may be beneficial for 
exploiting the gastroprotective effects of melatonin in 
conditions such as gastric ulcers [135].  

Colon‑targeted delivery systems represent 
another strategy. These formulations typically employ 
pH‑sensitive polymer coatings that remain stable in 
the acidic environment of the stomach but dissolve in 
the alkaline environment of the colon. As a result, the 
drug is released specifically in the colon, thereby 
avoiding enzymatic degradation in the upper 
gastrointestinal tract. This approach has potential 
therapeutic relevance for diseases such as ulcerative 
colitis [136]. 

Although several sustained‑release melatonin 
tablets have already been introduced into the market, 
oral therapy continues to be limited by the intrinsic 
constraints of the gastrointestinal route. It is 
noteworthy that certain inhalable melatonin products 
lacking comprehensive safety and efficacy evaluation 
have appeared in commercial markets, and their 
clinical value requires further validation. 

4.4 Buccal and Sublingual Delivery 
Drug delivery through the oral mucosa allows 

direct absorption into the internal jugular vein, 
thereby bypassing hepatic first‑pass metabolism. This 
route is particularly advantageous in clinical 
situations requiring rapid onset of action. For 
conditions such as sleep onset insomnia, the speed at 
which therapeutic effects are achieved is critical. 
Sublingual administration offers several advantages 
including avoidance of first‑pass metabolism, ease of 
administration, suitability for elderly patients or 
individuals with swallowing difficulties, and minimal 
mucosal irritation [137]. 

Melatonin‑loaded sublingual nanofiber 
formulations have demonstrated extremely rapid 
disintegration properties. Some systems are capable 
of disintegrating within 1 second and dissolving 
completely in phosphate buffered saline that 
simulates saliva within 90 seconds [138]. The choice of 
carrier material is crucial for maintaining the 
structural integrity, functionality, and overall 
performance of nanofibers [139]. 
Polyvinylpyrrolidone K90 has been widely 
investigated because of its hydrophilicity, low 
toxicity, biocompatibility, and bioadhesive properties. 
These characteristics enable prolonged residence of 

the formulation on the mucosal surface and make it a 
suitable carrier for sublingual nanofiber systems [140]. 

Research has also indicated that sublingual 
nanofiber formulations containing melatonin may 
enhance the therapeutic efficacy of chemotherapeutic 
agents such as doxorubicin, suggesting potential 
applications in combination therapy for cancer 
treatment [141]. 

To achieve prolonged drug release through oral 
mucosal administration, innovative formulation 
strategies have been proposed. One approach 
involves integrating sustained‑release drug 
microparticles into rapidly dissolving oral films. For 
example, drug–polymer microparticles prepared 
through hot‑melt extrusion can be incorporated into 
solvent‑cast orally dispersible films. This design 
significantly prolongs drug release and may be 
particularly useful for maintaining sleep throughout 
the night [142, 143]. 

4.5 Microneedle‑Based Transdermal Systems 

The skin represents an attractive interface for 
long‑acting drug delivery; however, the stratum 
corneum forms a formidable physiological barrier 
that restricts passive drug permeation. Microneedle 
technology offers a means to overcome this obstacle 
[144, 145]. By creating transient microchannels across 
the stratum corneum, microneedle‑based systems 
enable melatonin to access the dermal 
microcirculation, achieving systemic delivery while 
inherently bypassing hepatic first‑pass metabolism— 
a primary cause of melatonin's low and variable oral 
bioavailability. Furthermore, these systems can 
sustain near‑constant plasma levels for 4–8 hours [146, 
147], maintaining therapeutic concentrations 
throughout a typical sleep period. This extended 
coverage meets a clinical need that oral 
immediate‑release formulations cannot fulfill and that 
current oral prolonged‑release products only partially 
address, given their apparent elimination half‑life of 
approximately 4–5 hours [72]. Such advantages hold 
particular relevance for elderly patients with 
swallowing difficulties, individuals with circadian 
rhythm sleep disorders who require reliable overnight 
coverage without repeated dosing, and those seeking 
a non‑injectable alternative for systemic melatonin 
therapy. 

Depending on therapeutic objectives, 
transdermal delivery may serve either local 
dermatological effects or systemic absorption; for 
melatonin, systemic absorption constitutes the 
primary research focus [144]. Microneedle arrays 
consist of hundreds of microscopic projections that 
painlessly penetrate the epidermis, forming transient 
channels that permit drug diffusion into the dermal 
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capillary network. This approach combines the high 
bioavailability of subcutaneous injection with the 
convenience and patient acceptance of a transdermal 
patch [145].  

4.5.1 Silk Fibroin Microneedles 

Among various microneedle matrix materials, 
silk fibroin has attracted considerable interest because 
of its excellent biocompatibility, favorable mechanical 
strength, and controllable degradation behavior. 
These characteristics make it a promising carrier for 
melatonin delivery [146]. 

Silk fibroin microneedle patches loaded with 
melatonin have demonstrated promising therapeutic 
outcomes in experimental insomnia models. In one 
study, silk fibroin microneedles were capable of 
releasing melatonin continuously for more than 11 
hours with a cumulative release exceeding 85%. In rat 
models of insomnia, therapeutic plasma 
concentrations were maintained for approximately 
eight hours, resulting in improved sleep architecture 
and reduced anxiety‑like behavior [147]. 
Complementary work confirmed rapid systemic 
absorption—peak plasma concentration above 
10 ng/mL at 0.31 h—and sustained levels exceeding 
5 ng/mL for four to six hours [148].  

This sustained‑release profile effectively 
prolongs systemic exposure and maintains 
therapeutic drug levels over an extended period, 
which represents a pharmacokinetic advantage over 
immediate‑release formulations. However, it is 
important to note that this constant‑rate delivery does 
not truly recapitulate the dynamic, pulsatile circadian 
rhythm of endogenous pineal melatonin secretion, 
which is characterized by a distinct nocturnal peak 
followed by a gradual decline toward morning. 
Therefore, while silk fibroin microneedles offer a 
clinically useful prolonged‑release profile for 
overnight sleep maintenance, they constitute a 
pharmacokinetic prolongation strategy rather than a 
true chronotherapeutic system that dynamically 
adapts to circadian phase.  

4.5.2 Microneedle Types and Manufacturing 

Beyond dissolvable silk fibroin microneedles, 
other microneedle configurations have been 
developed to address different clinical needs [149]. 
Hollow microneedles possess a structure similar to 
miniature syringes and can rapidly inject drug 
solutions, enabling quick elevation of systemic drug 
levels. This approach may be suitable for acute 
interventions requiring rapid sleep induction [150]. 
Coated or drug‑loaded microneedles concentrate the 
drug at the needle tip and release it rapidly after skin 
insertion, which is beneficial for treatments requiring 

rapid pharmacological action [151, 152]. 
Advances in three‑dimensional printing 

technology have further expanded the design 
possibilities of microneedle systems. Additive 
manufacturing techniques allow precise control over 
microneedle height, geometric shape, array density, 
and internal porosity. These parameters can be 
adjusted to regulate drug release kinetics, providing 
opportunities for the development of personalized 
dosing strategies [153-155]. 

4.6 Ocular Nanodelivery Strategies 
Melatonin has demonstrated potential 

therapeutic effects in ocular disorders, including 
intraocular pressure (IOP) reduction and retinal 
protection. Unlike transdermal delivery, where 
systemic absorption is often the primary goal, ocular 
melatonin delivery is almost exclusively directed 
toward local tissue retention—prolonging residence 
time on the corneal surface or within the precorneal 
region to achieve sustained intraocular effects while 
minimizing systemic exposure [57]. 

However, conventional eye drops exhibit 
extremely low bioavailability because of rapid tear 
clearance and the barrier properties of the corneal 
epithelium. To overcome these limitations, 
nanotechnology‑based ocular delivery systems have 
been developed along two principal directions. One 
approach involves surface engineering to enhance 
adhesion and penetration at the ocular surface. The 
other strategy employs in situ gelling systems that 
form sustained drug reservoirs following 
administration. 

4.6.1 Surface‑Engineered Nanocarriers 

Surface modification of nanocarriers can 
significantly improve interactions with the negatively 
charged corneal surface, thereby prolonging ocular 
residence time. For example, cationic SLNs modified 
with didodecyldimethylammonium bromide exhibit 
strong electrostatic adhesion to the corneal surface. A 
single topical application of this formulation achieved 
a maximum intraocular pressure reduction of −7 
mmHg (p < 0.01) in albino rabbits, with the 
hypotensive effect sustained for approximately 24 h 
[57]. 

PLGA-PEG nanoparticles have also 
demonstrated sustained IOP reduction for 
approximately eight hours in rabbit eyes as a result of 
optimized particle size and hydrophilic surface 
modification [156]. Similarly, hybrid lipid-polymer 
nanocarriers combining the biomimetic properties of 
liposomes with the structural stability of polymeric 
cores have been developed to enhance ocular 
mucoadhesion and prolong pre-corneal residence 
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time, thereby improving the ocular bioavailability of 
melatonin [157].  

4.6.2 In Situ Gel Systems 

In addition to surface modification strategies, in 
situ gel systems represent another important 
approach for ocular drug delivery. These 
formulations are administered as liquid eye drops but 
undergo rapid phase transition into semi‑solid gels 
when exposed to physiological conditions such as 
body temperature or ionic composition of tear fluid. 
The resulting gel structure resists tear drainage and 
forms a localized drug reservoir in the precorneal 
region, enabling sustained drug release. 

Studies incorporating melatonin‑loaded 
nanocapsules into thermosensitive or ion‑sensitive 
gels have demonstrated delayed drug release and 
improved corneal permeation, as systematically 
reviewed by Romeo et al. in the context of ocular 
melatonin delivery [156, 158]. These systems provide 
a promising platform for prolonged ocular therapy 
and improved treatment outcomes. 

4.7 Comparative Analysis: Linking Carrier 
Design to Biological Barriers 

The therapeutic efficacy of melatonin is 
ultimately determined not by the isolated merits of a 
carrier or a route, but by the precise alignment 
between carrier properties, barrier challenges, and 
administration strategies. To crystallize this principle, 
the following analysis directly links the 
physicochemical characteristics of each major carrier 
platform to the biological barriers they are best 
equipped to overcome and the routes through which 
they are most effectively deployed.  

4.7.1 Bypassing Hepatic First-Pass Metabolism  

To minimize extensive CYP1A2-mediated 
degradation in the liver, carriers must either avoid 
portal vein absorption or protect the drug during 
hepatic transit. Among the systems reviewed, 
lipid-based carriers (SLNs and NLCs) offer a distinct 
advantage for oral delivery via intestinal lymphatic 
transport, effectively shunting melatonin around the 
liver and into systemic circulation via the thoracic 
duct [159]. Additionally, transdermal microneedle 
systems and buccal/sublingual nanofibers bypass the 
gastrointestinal tract and hepatic portal system 
entirely, providing the most direct circumvention of 
first-pass metabolism [160]. In contrast, conventional 
PLGA nanoparticles, while offering sustained release, 
are absorbed primarily into portal blood and thus 
afford only partial protection against hepatic 

clearance unless surface-engineered for lymphatic 
targeting [83]. 

4.7.2 Enabling Brain Delivery  

For CNS targeting, the ability to cross or bypass 
the BBB is paramount. Chitosan-based nanoparticles 
are uniquely suited for nose-to-brain delivery owing 
to their mucoadhesive properties and capacity to 
reversibly open tight junctions in the nasal 
epithelium, enabling direct olfactory and trigeminal 
nerve transport [123]. Among lipid-based systems, 
PEGylated liposomes functionalized with brain‑ 
targeting ligands such as transferrin or rabies virus 
glycoprotein (RVG) peptide represent the most 
plausible intravenous strategy for receptor-mediated 
transcytosis across the BBB [161]. While PLGA 
nanoparticles can sustain drug release, their intrinsic 
brain penetration is limited unless actively targeted; 
their primary utility in CNS applications lies in local 
intracranial implants or intranasal delivery rather 
than systemic brain targeting [83, 162]. 

4.7.3 Clinical Translation Potential  

From a regulatory and manufacturing 
standpoint, PLGA nanoparticles and SLNs currently 
hold the greatest translational promise. Both systems 
benefit from Generally Recognized as Safe (GRAS) 
excipients, established large-scale manufacturing 
protocols, and extensive preclinical toxicology data 
[163]. Chitosan nanoparticles face additional hurdles 
related to batch-to-batch variability in molecular 
weight and degree of deacetylation, though their 
bioadhesive advantages for mucosal delivery remain 
compelling [94]. Hybrid inorganic–organic systems 
and chronobiology-adapted smart hydrogels 
represent exciting but early-stage technologies; their 
translational timeline is considerably longer owing to 
unresolved questions regarding long-term 
accumulation, immunogenicity, and complex 
manufacturing workflows [111, 164].  

This integrative logic extends beyond these 
representative barriers to the stratum corneum, ocular 
surface, and pulmonary mucosa, as systematically 
summarized in Table 2. 

5. Clinical Translation and Future 
Directions 

Melatonin has transcended its traditional role as 
a sleep-regulating hormone and demonstrates broad 
therapeutic potential as an endogenous antioxidant, 
immune modulator and neuroprotective agent. 
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Table 2. Comparative Performance of Nanocarrier Platforms in Overcoming Specific Biological Barriers for Melatonin Delivery 

Barrier 
Challenge 

Clinical Need Most Suitable Carrier Platforms Mechanism of Action Limitations/Translational Hurdles Reference 

Hepatic 
First‑Pass 
Metabolism 

Improve oral 
bioavailability; 
avoid systemic 
clearance 

PLGA nanoparticles (oral sustained 
release); Chitosan‑based nanocarriers 
(colon‑targeted oral delivery); 
Microneedles (transdermal bypass) 

Polymer matrix protection and sustained 
release in GI tract (PLGA); pH‑responsive 
colon targeting (Chitosan); Physical 
stratum corneum penetration creating 
transient microchannels (Microneedles) 

PLGA acidic degradation may 
affect drug stability; Lymphatic 
transport efficiency is 
dose‑dependent; Microneedle 
fabrication cost and skin irritation 
potential 

[81, 136, 
148] 

BBB Neuroprotection 
(AD, PD); Glioma 
therapy 

Chitosan‑based nanocarriers (intranasal); 
RVG‑peptide‑modified Liposomes 

Paracellular tight junction opening via 
ZO‑1 modulation (Chitosan); 
Receptor‑mediated transcytosis via 
lactoferrin receptors (Liposomes) 

Intranasal dose volume limited by 
nasal cavity capacity; IV 
immunogenicity and accelerated 
blood clearance of PEGylated 
liposomes 

[93, 161] 

Skin Barrier Sustained 
overnight sleep 
maintenance; Local 
skin effects 

Ethosomes; Silk Fibroin Microneedles Lipid bilayer fluidization and disruption 
of stratum corneum lipid organization 
(Ethosomes); Microchannel creation 
bypassing the skin barrier (Microneedles) 

Ethanol‑induced skin irritation 
potential; Microneedle mechanical 
strength and large‑scale fabrication 
challenges 

[46, 47, 
147] 

Ocular 
Clearance 

Glaucoma; Retinal 
protection 

Cationic SLNs; In situ Gels Electrostatic adhesion to negatively 
charged corneal mucins (Cationic SLNs); 
Viscosity increase and phase transition 
upon exposure to tear fluid (In situ Gels) 

Potential for transient blurred 
vision; Shorter residence time 
compared to invasive implants 

[57, 158] 

 
 
Current clinical melatonin formulations fall into 

two principal categories: immediate‑release (IR) and 
prolonged‑release (PR) preparations. IR products 
(e.g., Adaflex®, Ceyesto®, Syncrodin®, and 
Bio‑Melatonin) are rapidly absorbed, producing a 
transient plasma peak that facilitates sleep onset, but 
their short elimination half‑life (20–40 min) precludes 
sustained overnight coverage. PR formulations, 
typified by Circadin® (2 mg prolonged‑release 
tablets, EMA‑approved for primary insomnia in 
adults aged ≥55 years), extend melatonin release over 
8–10 hours via a matrix‑type delivery system, thereby 
prolonging the apparent elimination half‑life to 
approximately 4–5 hours [165]. Slenyto® [166] 
represents a pediatric PR formulation specifically 
developed for sleep disorders in children with 
neurodevelopmental conditions. Despite these 
advances, both IR and PR formulations share 
fundamental limitations inherent to oral 
administration: extensive and variable first‑pass 
metabolism (resulting in absolute bioavailability of 
only 2.5%–33%), inability to target specific anatomical 
compartments beyond the systemic circulation, and 
an invariant release profile that cannot recapitulate 
the dynamic circadian peak characteristic of 
endogenous pineal secretion. 

In contrast, the nanocarrier platforms reviewed 
herein offer potential solutions to these shortcomings 
through capabilities that conventional oral 
formulations are not equipped to address. These 
include bypassing hepatic first‑pass metabolism via 
lymphatic transport, achieving sustained release over 
weeks to months, circumventing the blood–brain 
barrier for direct CNS delivery, and enabling 
transdermal or ocular administration with prolonged 

local or systemic retention. Collectively, these 
platforms expand the therapeutic reach of melatonin 
from mere systemic exposure prolongation to true 
spatial and temporal control over drug distribution.  

Representative preclinical studies investigating 
these nanocarrier systems across diverse disease 
models are summarized in Table 3. Studies included 
in Table 3 were selected based on the following 
criteria: (i) studies reporting the application of a 
specifically engineered nanocarrier for melatonin 
delivery; (ii) preclinical in vivo studies or advanced in 
vitro disease models with quantitative therapeutic 
outcome measures; and (iii) studies published in 
English in peer‑reviewed journals. Studies focusing 
solely on the pharmacological mechanism of 
melatonin without a delivery system component, or 
studies using only conventional immediate‑release 
formulations, were excluded. Despite the encouraging 
preclinical data summarized in Table 3, the clinical 
translation of melatonin nanocarriers faces several 
interconnected challenges.  

5.1 Scalable Manufacturing and Batch 
Consistency 

Current melatonin dosage forms include tablets, 
capsules and topical formulations [81], while 
nanocarrier-based melatonin delivery systems remain 
at an early exploratory stage [177]. Most 
high-performance nanocarriers, such as 
functionalized PLGA nanoparticles and drug-loaded 
microneedles, are still produced at milligram scale in 
laboratories. During industrial scale-up, issues such 
as broadened particle size distribution and reduced 
encapsulation efficiency commonly arise, impairing 
product quality and stability. 
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Table 3. Preclinical Studies of Melatonin-Loaded Nanocarriers in Disease Models 

Disease Model Delivery System Route Research Model Key Outcome (Therapeutic Effect) Ref
ere
nce  

Alzheimer’s 
(AD) 

Chitosan-coated NLCs Intranasa
l 

Murine AD model Crossed BBB; reduced Aβ plaque accumulation and oxidative stress. [12
6] 

Parkinson’s 
(PD) 

PLGA Nanoparticles Oral PD cell model 
(MPP⁺-induced) 

Sustained release; protected dopaminergic neurons in Substantia 
Nigra. 

[16
7] 

Wound Healing Chitosan/Collagen Film Topical Rodent skin wound model Accelerated re-epithelialization, reduced scar formation. [96] 
Colitis Targeted Nano-carriers Oral Murine colitis model Specific accumulation in inflamed colon; restored gut microbiota. [13

6] 
Liver Fibrosis PLGA-PEG Micelles Intraven

ous 
CCl₄-induced rat liver injury 
model 

Reduced hepatic stellate cell activation and collagen deposition. [16
8] 

Spinal Cord 
Injury 

In-situ Hydrogel Intrathec
al 

Rat spinal cord compression 
model 

Sustained release at lesion site; promoted locomotor recovery. [16
9] 

Myocardial 
Infarction 

Mel@ADSC NVs 
(Melatonin-engineered 
adipose-derived stem cell 
nanovesicles) 

Intraven
ous 

Murine myocardial infarction 
model 

Reduced apoptosis (42.59%→13.88%), alleviated ROS, promoted 
angiogenesis, improved mitochondrial function. 

[17
0] 

Retinal 
Degeneration 

Niosomes (Vesicular) Topical 
(Eye) 

Rabbit retinal degeneration 
model 

Enhanced corneal permeation; reduced retinal oxidative damage. [17
1]  

Depression Polymeric Micelles  Intranasa
l  

Murine sleep deprivation 
model  

Rapid brain delivery, restored circadian rhythm/ rapid eye 
movement sleep, ameliorated depression.  

[17
2] 

Radiation-Induc
ed Lung Injury 
(RILI) 

Melatonin-loaded PLGA 
nanoparticles  

Intratrac
heal 
instillatio
n  

SD rat RILI model (15 Gy 
irradiation)  

Alleviated radiation-induced lung inflammation and fibrosis via the 
miR-21/TGF-β1/Smad3 pathway.   

[17
3]  

Osteosarcoma PLGA Micro/Nanoparticles Local/In 
vitro 

MG-63 osteosarcoma cell 
model 

Sustained release (~70% in 40d); inhibited osteosarcoma cell growth; 
adjuvant to chemotherapy. 

[81] 

Subarachnoid 
Hemorrhage 
(SAH) 

Melatonin-loaded PLGA injectable 
nanosuspension 

Intraven
ous   

Rat SAH model   Sustained release (120h), crossed BBB, reduced mortality, brain 
edema, antioxidant.  

[17
4] 

Osteoarthritis 
(OA) 

Hyaluronic acid-Cyclodextrin 
Melatonin Delivery System 

Intra-arti
cular 

Rat OA model Sustained release; restored chondrocyte mitochondrial function; 
promoted cartilage extracellular matrix synthesis. 

[10
3] 

Glaucoma 
(Ocular 
Hypertension) 

Melatonin-loaded cationic SLNs Topical 
(Ocular) 

Albino rabbit ocular 
hypertension model 

Reduced IOP (max -7 mmHg, p<0.01); 24h duration; good ocular 
tolerance. 

[57] 

Breast Cancer Melatonin-loaded lecithin/chitosan 
nanoparticles  

Intraven
ous / 
Oral  

4T1 metastatic breast cancer 
cell model; BALB/c mouse 
tumor model  

High encapsulation (31%), controlled release, selective cytotoxicity 
(SI=13.33), low systemic toxicity.  

[17
5] 

Sleep 
Deprivation 

Polymeric Micelles Intranasa
l 

Murine sleep deprivation 
model 

Rapid brain delivery; restored circadian rhythm and rapid eye 
movement sleep. 

[12
7] 

Sleep 
Maintenance / 
Insomnia 

SLNs Oral / 
Transder
mal 

Healthy human subjects Oral MT‑SLN: significantly higher AUC (∼2×) and prolonged 
elimination half‑life (∼93 vs 48 min); Transdermal MT‑SLN: sustained 
plasma levels (>50 pg/mL) for at least 24 h 

[56] 

Circadian 
Rhythm 
Disruption / 
Insomnia 
 

Silk Fibroin Microneedles Transder
mal 

Rat insomnia model Sustained release for >11 h (>85% cumulative release); maintained 
therapeutic plasma levels for ∼8 h; improved sleep architecture and 
reduced anxiety-like behavior 

[14
7] 

Ischemic Stroke PEGylated Liposomes Intraven
ous 

Murine middle cerebral 
artery occlusion stroke model 

Extended half-life; minimized brain infarct volume via 
anti-apoptosis. 

[17
6] 

Glioblastoma  Polycaprolactone melatonin 
nanoparticles; 
Melatonin-pre-treated 
mesenchymal stem cells 

Intranasa
l 

Rat in vivo model; U87MG 
glioblastoma cell line; MRC-5 
non-tumor cell line 

35× solubility, high cytotoxicity to U87MG (IC50 2500× lower), 
non-toxic to MRC-5, direct nose-to-brain transport, high targeting 
index. 

[12
4] 

Notes: Mel@ADSC NVs: melatonin-engineered adipose-derived stem cell nanovesicles 
 
 
Microfluidic technology offers critical support 

for a smooth transition from laboratory studies to 
Good Manufacturing Practice (GMP)-compliant 
pharmaceutical manufacture. By precisely controlling 
fluid mixing and reaction processes within 
micron-scale channels, microfluidics can continuously 
and reproducibly produce nanomedicines with 
narrow and uniform particle size distributions, 
facilitating batch-to-batch consistency required by 
stringent pharmaceutical quality systems [64]. In 
continuous production studies of melatonin 

self-nanoemulsifying drug delivery systems 
(SNEDDS), nanocarriers prepared using 3D-printed 
microfluidic chips exhibited particle size distributions 
and key quality attributes comparable to those from 
conventional batch methods, indicating that 
microfluidic technology can maintain strict quality 
standards while improving production efficiency 
[177]. Future work must progress from proof-of- 
concept to establishment of robust, scalable 
production platforms, focusing on integrated 
continuous processes that combine nanocarrier 
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formation, purification and final formulation steps, 
implementing process analytical technologies for 
real-time monitoring of critical quality attributes, and 
defining design-space parameters that specify 
acceptable ranges for process variables. These efforts 
are essential to translate laboratory innovations into 
commercially viable products. 

5.2 Long-Term Toxicology and 
Biocompatibility 

Melatonin itself has a favorable safety profile; 
exogenous supplementation causes mild adverse 
effects and does not induce dependence [178, 179]. 
However, the long-term safety of nanocarrier 
materials remains a central concern for clinical 
translation. Following intravenous administration, 
nanocarriers are readily sequestered by the 
mononuclear phagocyte system and distributed to 
organs such as the liver and spleen; surface 
hydrophilic modifications can reduce clearance but 
may alter biodistribution characteristics. 

Encapsulating melatonin in biocompatible 
carriers can prevent drug oxidation, reduce potential 
toxicity and improve pharmacokinetic profiles [180]. 
Nevertheless, many novel nanomaterials, such as 
metal-organic frameworks and complex surfactant 
systems, have unclear long-term accumulation, 
immunogenicity and metabolic fates in vivo. For 
indications requiring chronic administration, 
including neurodegenerative diseases, the risk of 
chronic accumulation in the brain requires careful 
assessment. A shift is therefore needed from 
efficacy-centered evaluation toward integrated 
efficacy–toxicology assessment. Advanced in vivo 
tracing techniques, including radiolabeling and 
multimodal imaging, should be employed to 
systematically investigate nanocarrier biodistribution, 
degradation pathways and elimination kinetics across 
their biological lifecycle. Concurrently, predictive in 
vitro models simulating chronic exposure scenarios 
should be developed, and structure–activity 
relationships linking nanocarrier physicochemical 
properties to toxicological outcomes should be 
established. Exploration of biomimetic carriers 
derived from endogenous components (e.g., 
exosomes, albumin, cell membrane-coated 
nanoparticles) may provide inherently safer 
alternatives [75]. These studies will generate the 
rigorous safety data required for regulatory approval. 

5.3 Smart Responsive and 
Chronobiology-Adapted Systems 

Melatonin exerts physiological effects that are 
strongly dependent on circadian timing, and its 
secretion pattern is a key output of the biological 

clock. Conventional oral formulations have short 
half-lives and fail to maintain therapeutic 
concentrations throughout the night, limiting their 
efficacy for sleep regulation [4,81]. Current sustained- 
release technologies improve pharmacokinetic 
profiles by extending systemic exposure, yet even 
these constant-rate formulations cannot reproduce the 
physiological nocturnal peak characteristic of 
endogenous melatonin secretion. In contrast, truly 
chronotherapeutic systems, which incorporate 
defined lag times, pulsatile release, or closed-loop 
feedback, remain largely at the conceptual or early 
developmental stage. Realizing such systems will 
require the integration of smart responsive materials 
capable of sensing and responding to specific 
physiological triggers [112] (e.g., pH, redox potential, 
enzyme activity) to achieve site- or time-specific 
release. Advanced manufacturing technologies such 
as 3D printing enable fabrication of dosage forms with 
precisely defined lag times and pulsed or multiphasic 
release profiles, allowing programmable release 
kinetics. Further development should include 
incorporation of biosensing elements to construct 
closed-loop systems that modulate drug release in 
real time based on circulating melatonin levels or 
other physiological biomarkers. Leveraging 
pharmacogenomics and circadian phenotype data 
will permit individualization of release profiles and 
enable personalized chronotherapy. For clinical 
scenarios such as jet lag, shift-work disorder or 
circadian rhythm sleep–wake disorders, customized 
delivery systems with accurate timing control have 
the potential to align therapeutic interventions with 
individual circadian patterns.  

5.4 Regulatory Frameworks and Standardized 
Assays 

Rapid advances in nanotechnology have driven 
innovation and commercialization in drug delivery 
[181], but international regulatory frameworks 
specific to nanomedicines remain under development; 
the absence of unified global standards is a pervasive 
challenge [182, 183]. 

Regulatory difficulties focus on establishing 
precise and internationally accepted definitions for 
nanomaterials and nanomedicines, developing 
standardized characterization methods for complex 
formulations (e.g., hybrid systems, surface- 
functionalized particles, multi-component 
assemblies), validating in vitro release tests predictive 
of in vivo performance, and clarifying requirements 
for clinical traceability, batch documentation and 
post-marketing surveillance [184]. In response to 
these challenges, regulatory agencies such as the U.S. 
FDA and the European Medicines Agency (EMA) 
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have published guidance documents for 
nanotechnology applications and reflection papers on 
nanomedicines [185, 186]. However, they currently 
rely on existing pharmaceutical frameworks while 
encouraging case-by-case assessments founded on 
Quality by Design (QbD) principles [186, 187]. 

To advance nanomelatonin products toward 
clinical use, close collaboration between academic 
researchers and regulators is required to establish 
QbD-based evaluation frameworks, define critical 
quality attributes such as particle size, surface charge, 
drug loading and release behavior, and develop 
corresponding standardized analytical methods. All 
excipients used in nanomedicines must meet 
"generally recognized as safe" criteria, and their 
altered physicochemical properties at the nanoscale 
should be evaluated rigorously [188]. 

6. Conclusion 
Research on advanced melatonin delivery 

systems is at a pivotal stage between proof-of-concept 
and clinical translation. Although optimal dosing, 
timing and individualized treatment strategies for 
melatonin remain under investigation, 
nanotechnology provides powerful engineering 
approaches to realize its therapeutic potential. Future 
progress will depend on integrating multiple 
emerging disciplines: precision manufacturing 
technologies including microfluidics and 3D printing; 
biomimetic design principles inspired by endogenous 
transport mechanisms; smart responsive materials 
enabling environment-sensing drug release; and 
chronotherapeutic strategies that synchronize 
interventions with biological rhythms. Concurrently, 
a robust regulatory science framework is essential to 
ensure the safety, quality and efficacy of these 
advanced formulations. Through multidisciplinary 
coordination, next-generation melatonin 
nanomedicines may evolve from dietary supplements 
into advanced therapeutic platforms for complex 
neurological disorders, metabolic diseases and cancer, 
ultimately shifting from substitution of endogenous 
deficiency toward restoration of physiological 
homeostasis. 
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