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ABSTRACT

More attention has been drawn to the drug delivery systems to achieve more precise and
efficient treatment for patients with less doses of medicines. The use of nanoparticles for drug
delivery system has emerged for this purpose. It can enhance the treatment efficiency by use
of the drugs more selectively and precisely to deliver them to the targeted organs or tissues.
Drug delivery systems can also help to reduce the side effects, especially for the
chemotherapeutic agents that have severe toxicity. Melatonin (N-acetyl-5-methoxytriptamine)
is a small indolamine molecule that is produced by most cells and can influence on circadian
manner. Melatonin also has antiapoptotic and antioxidant actions depending on the
microenvironment; these actions are enhanced when it is incorporated into nanocarriers.
Although the therapeutic effects of melatonin are promising, to achieve its optimal results is
required. Therefore, the use of nanocarriers of melatonin is of clinical interest. Different
melatonin loaded nanocarriers such as lipid-based nanocarriers, hybrid nanocarriers, synthetic
ones, etc. can be used to deliver melatonin more efficiently for prevention or treatment of
various diseases. In this review, we summarize the treatment efficiency of melatonin when it
is incorporated into different nanocarriers.
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1. INTRODUCTION

Nanocarriers (NC) are structures usually with two or three dimensions with sizes ranging
from 1 to 100 nanometers (1). In some cases nanoparticles smaller than 1000 nanometers are
still considered as nanocarriers (2). These structures consist of 3 layers: the surface layer which
can have a variety of functionalized groups in order to achieve better interactions and be more
useful in the delivery system, the shell layer, and the core which is the main component. There
are also liquid crystalline nanoparticles that consist of these 3 mentioned layers dispersed in
liquid crystals. The self-assembly of nanomaterials into ordered, yet fluid liquid crystalline
superstructures allows us to combine unique properties of nanomaterials with the mobility and
ordering of the liquid crystalline state (3, 4). Scientists use these NCs in different fields such
as biological sensing, gas sensing, etc. but the most important application of NCs in medicine
is in drug delivery systems (5).
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Melatonin is methoxy indolamine that is biosynthesized from tryptophan and is secreted by
the pineal gland during the darkness to regulate circadian rhythm in vertebrates. This molecule
is also produced in many other cells but is not released into the blood; therefore, this locally
produced melatonin does not participate in circadian regulation (5, 6). Melatonin has a variety
of important actions; it regulates the immune system and has antioxidant and cytoprotective
effects (7-10). Melatonin reduces blood pressure and exhibits cardioprotective effects. Also,
melatonin is involved in the regulation of hematopoiesis [7] and has antiviral and anti-bacterial
actions, as well as protects the liver from oxidative stress (11). Melatonin has short half-life in
the blood, low water solubility (5). Melatonin has receptors on cell membranes (MT1, MT2)
and in the cytosol (MT3) and some of its actions are mediated by these receptors. Some
functions of melatonin are receptor-independent by interacting directly with intra or
extracellular molecules (9, 12).

Several routes have been used for melatonin delivery and each has particular characteristics.
For example, transmucosal administration of melatonin causes high plasma concentrations
compared to melatonin orally. Intranasal instillation exhibits rapid absorption and high
bioavailability compared to other routes (13). Transdermal use of melatonin results in different
absorption rates because of variation in the thickness of the skin and variable retaining rates in
some skin cells. It has been shown that the continuously released melatonin from NC may have
greater effectiveness than other methods and it has been proven safe (14). The mechanisms are
that the nanostructures provide protection against chemical oxidation of melatonin and improve
its penetration, therefore, loading melatonin in nanocarriers exhibits better efficacy (5).

Melatonin has high stability but low solubility in aqueous solutions and is also stable at
concentrations of 100 to 113 pg/ml in solution containing 5% ethanol and 95% normal saline
for six months. Melatonin at dose of 50ug/ml in phosphate buffer degraded in 21 days. The 10
mg melatonin in 1 ml glycofurol solution (20% w/w) and 40% w/w DMSO was stable at 25°C
for 45 days. However, due to the cytotoxicity of these solutes , it is not recommended to store
melatonin in those solutions (15). Since melatonin has low solubility and high stability in
aqueous environments some modifications can improve its low solubility. Modification of the
acetamide component, the substitution of the second position in indole ring, and the substitution
of methoxy group have been done to increase its solubility. Research has shown that small N-
substituted analogs of melatonin can act as an agonist in contrast to numerous N-substitutions
(12). A novel derivative of melatonin, sodium 4-(3-(2-acetamidoethyl)-5-methoxy-1H-indol-
1-yl) butane-1-sulfonate (MLTBS), is synthesized by treating melatonin with NaH and 1,-4
butane sulfone in tetrahydrofuran; it has good solubility in aqueous solutions and high safety
in addition to mimicking melatonin’s functions (5). To improve bioavailability, solubility and
permeability nanocarriers may be the best choice for these purposes. In this review we focus
on the nanocarriers which are used in order to improve melatonin's efficacy (Figurel).
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Fig.1. melatonin loaded nanocarriers which are summarized in this review.
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2. LIPID-BASED NANOCARRIERS
2.1. Liposomes.

Liposomes contain an aqueous core surrounded by a phospholipid bilayer. The potential to
carry numerous molecules (hydrophilic substances in the core, hydrophobic substances in the
membrane bilayer, and amphiphilic substances within the interface of lipid and aqueous parts)
has made them popular. Techniques used to synthesize liposomes are those of reverse phase
evaporation, ethanol injection, homogenization at high pressure, pH gradient methods, and
detergent dialysis (16).

Liposomes have low loading capacity and stability and they are also expensive. An in vitro
study showed that melatonin-loaded liposomes had slower release rate than 10% ethanol
dissolved one (17). Recent studies show that zwitterionic polymers stabilizes liposomes (18).
Gongalves et al. (19) used chitosan to enhance the stability of phosphatidylcholine liposomes
loaded with melatonin as chitosomes. It improved the stability of melatonin at room
temperature and decreased the diameter of the membrane's bilayer which enhanced the release
of melatonin. Zhang et al. (16) found under the pressure of CO2 (140 bar), melatonin-loaded
liposomes reached a better encapsulation efficiency (EE = 82.2%) with small average diameter
of 66 nm which provides optimal bioavailability for melatonin absorption. Melatonin-loaded
liposomes containing ethanol (ethosomes) are suitable for its transdermal delivery (20). To
improve the penetration of melatonin to the skin, Marepally et al. (21) produced a new lipid
melatonin delivery system, i.e., the formulation 1, 1-Di-((Z)-octadec-9-en-1-yl) pyrrolidin-1-
ium iodide (Cy5), a most efficient lipid to enhance the penetration (134 pg/cm? after 5 h). In a
study, melatonin-loaded liposomes at dose of 4.46 mg/kg significantly inhibited the oxidative
damage in the livers and lungs of rats (22). The melatonin-loaded nanocapsules prepared by
phase inversion method (23) was also investigated for its ischemic neuroprotective effect.
These nanoparticles showed good storage stability and a sustained release after a burst drug
release and higher permeation capacity. The particles sizes were from 18.26 to 109.8 nm. The
post ischemic administration of Mel-LNC intranasally lowered oxidative stress by decreasing
NO, myeloperoxidase and malondialdehyde levels and increased superoxide dismutase activity
and glutathione level. Hou et al. (24) prepared melatonin-loaded elastic liposomes with sodium
deoxycholate (liposomes that contain a biocompatible membrane softener such as sodium
cholate, twin, and span) for percutaneous melatonin delivery. The method was thin-film
dispersion with a high encapsulation efficiency (73.91%). The results showed that melatonin-
loaded elastic liposomes (Mel-EL) had 1.5 times higher penetration capacity and resulted in
enhancing the skin hydration level, ameliorating skin elasticity, and preserving the integrity of
dermal collagen compared to the control. These researches are summarized in Table 1.

Table 1. The biological effects of melatonin in different liposomal carriers.

Liposomal Carrier Biological effects

Chitosan phosphatidylcholine | Improved the storage duration and decreased the bilayer
thickness (19)

Melatonin loaded liposomes | Inhibit the oxidative damage in liver and lung of rats (22)

Elastic liposomes with Higher penetration and enhancing skin hydration and
sodium Deoxycholate elasticity (24)

Melatonin loaded Lowered oxidative stress by reduction of NO,
nanocapsules Myeloperoxidase and malondialdehyde levels and

increase in SOD and glutathione (23)
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2.2. Solid lipid nanocarriers (SLN).

These nanoparticles were introduced for first time in late 1991 (25). Solid lipid nanocarriers
consist of a solid lipid core that is surrounded by a surfactant layer. The core is solid at room
and body temperature and has a melting point above 40°C (5). These carriers have the unique
ability to deeply penetrate into organs especially the CNS which hydrophobic barriers.

A new version of SLN called nanostructured lipid carrier was produced from both solid and
liquid lipids in order to enhance stability and loading capacity. Nanostructured lipid carriers
(NLC) were first developed in the late 1990s as alternatives to solid lipid nanoparticles and to
avoid undesired expulsion of cargo molecules from the matrices (26). SLN and NLC are made
from the attachment of the drug into melted lipids and then adding them to the aqueous
surfactant solution. Different methods are used to develop SLNs and NLCs, for example, high
energy methods (ultrasound techniques and homogenization at high pressure) and low energy
methods (microemulsion, solvent emulsification evaporation, and coacervation) and both of
them are followed by immediate cooling (5). Albertini et al. (27) used SLNs that contain 3 to
6 mg melatonin to enhance its bioavailability to treat infants or children with
neurodevelopmental difficulties. Musazzi et al. (28) produced melatonin-loaded SLN and
incorporated it into dispersible films which are made of maltodextrins and achieved a sustained
release over at least 5 hours in saliva, in gastric and intestinal environment.

SLN and NLC can be administered locally, orally, systemic, and ocularly. Studies show that
free melatonin is degenerates 19.6% during light exposure (at dose of 20 MED which is
considered representative of daily solar emission) but when it is incorporated in tristearin-
phosphatidylcholine SLN, the degeneration was reduced to 5.6% (29). Hatem et al. (30) used
melatonin (25 mg) loaded NLC which has polysorbate 80 on its surface as a surfactant to treat
androgenic alopecia. Because of the sustained release and better permeability of NLC
preparation, patients' hair density was reportedly increased and hair loss was reduced.

In a melatonin-loaded SLN study, cyclosporine A (CsA) (15 mg/kg/day) to was used to
cause cardiotoxicity with lipid peroxidation and apoptosis and the melatonin loaded SLN (1
mg/kg/day) showed rapid absorption and thus showed antiapoptotic efficacy compared to the
CsA alone group (31). Mirhoseini et al. (32) used single dose of melatonin-loaded SLN
(25mg/kg) to investigate its antioxidant effect. They observed decreased levels of
malondialdehyde in rats' testis and improved the thickness and diameter of the seminiferous
epithelium in rats with testicular trauma. Sabzichi et al. (33) incorporated melatonin into NLC
and then investigated its codelivery via tamoxifen on MCF-7 cell line. In addition to inhibiting
cell proliferation, it enhanced the apoptotic effects of tamoxifen with a marked decrease in
tumor cell survival and increased levels of Bid mRNA compared to the control. Another study
was designed to investigate the role of melatonin-loaded NLC in the in vitro fertilization.
Parvez et al. (34) loaded a combination of 2-hydroxypropyl-p-cyclodextrin (HPBCD) and
amphotericin B in SLN and administered it orally for the treatment of visceral leishmaniasis
(VL). The formulations were synthesized by the emulsion solvent method and showed a high
encapsulation efficiency for both melatonin (63 + 6.24) and amphotericin B (87.9 + 0.57). The
nanoparticle has lowered the intracellular parasite load significantly (99.98%) and therefore, it
would be a good therapeutic agent in the treatment of VL. Aghaz et al. (35) evaluated the
synergistic effects of melatonin and resveratrol (RES) co-encapsulated by SLN compared to
their normal combination (Mel + RES) on mouse germinal vesicle oocytes. Germinal vesicle
(GV)-stage oocytes harvested from 6- to 12-week-old female NMRI mice were randomly
divided into different concentrations of Mel+RES or Mel+RES-SLN groups. The results
showed a significant improvement in the normal morphology of warmed GV-stage oocytes,
GV breakdown (GVBD) rate, metaphase Il (MlIl)-stage oocyte formation, fertilization rate,
early embryo development, and a significant reduction in intra/extracellular ROS level in
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lowest concentration of Mel+RES-SLN group compared to its corresponding Mel+RES group.
The results indicated that Mel+RES-SLN could enhance/control intracellular penetration
compared to the Mel+RES. They also reported that the highest concentration of Mel+RES-
SLN was safe, without a detrimental effect on embryonic development upon treatment. The
beneficial effects of melatonin-loaded lipid nanocarriers are summarized in Figure 2.
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Fig. 2. Review of the roles of melatonin-loaded lipid nanocarriers.
3. HYBRID CARRIERS

Hybrid carriers are those particles that consist of lipid and polymers as carriers of melatonin.
The lipid part increases loading capacity and improves drug permeation and the biocompatible
polymer regulates the drug release (36). To produce lipid polymer hybrid nanocarriers (LPN),
sorbitan monostearate is diffused in capric triglyceride then it is surrounded by polymer and at
last it is coated with polysorbate 80 (37). Melatonin at a dose of 400 uM was sufficient to
protect against lipid peroxidation. The encapsulation efficacy of LPN (55%) was higher than
that of nanoemulsion (33%), so, LPN was more efficiency as an antioxidant carrier than that
of nanoemulsion (37). It is suggested to use cationic lipids and polymers on the nanocarriers'
surface to enhance the stability and interaction of LPN with biological membrane. Carbone et
al. (38) compared hybrid nanoparticles with polymeric nanoparticles produced by a low-
energy-organic-solvent-free method. They observed that good coating properties clearly
influence on physical properties such as shape, size and stability. They also found that dimethyl
dioctadecyl ammonium bromide was the most suitable coating material for LPN.

LPN-melatonin could also be used in cell culture which significantly enhanced the
efficiency of mammalian embryos and oocyte quality (39). The highest hatching rate was
observed in LPN loaded with melatonin at 10~° M. In addition to that, it reduced apoptosis
and ROS formation and increased cleavage rates. LPN applied in cell culture promotes the
downregulation of pro-apoptotic factors such as CASP3, Bax, and SHC1 and upregulates
antioxidative enzymes of SOD1, SOD2, GPX1, and MCL1.

Charéo et al. (40) compared efficiency of melatonin-loaded LPN (0.93 mg/mL, EE of
32.11%) with free melatonin in alveolar epithelial A549 cell line for their antioxidant activity.
They observed that melatonin-loaded LPN reduced cytotoxicity and genotoxicity to protect the
cells against paraquat-induced oxidative stress better than free melatonin. Jin et al. (41)
developed a synergistic nanoparticle with mesoporous polydopamine (mPDA) and tavilermide
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(Tav) (mPDA-Mel-Tav) to load with melatonin. They used this nanoparticle to treat dry eye
disease (DED) by scavenging ROS and promoting mucin production. The results showed that
ROS level and apoptosis ratio were decreased by mPDA-Mel-Tav administration, indicating
the central role of melatonin in ROS scavenging and antioxidant effect as well as the
improvement effect of Tav on the production of mucins on the ocular surface.

Romeo et al. (42) also evaluated melatonin-loaded lipid-polymer hybrid as a protective
agent in ocular diseases. They used PLGA-PEG polymers as the melatonin nanocarrier's core
and coated it with a cationic lipid shell (MLT-LPHNSs) and achieved positive surface charge
(+39.8 mV) and high encapsulation efficiency (79.8 %). In an in vitro model of diabetic
retinopathy, it was confirmed that this MLT-LPHNSs significantly enhanced neuroprotective
and antioxidant activities compared to melatonin aqueous solution at the same concentration.
They also performed a Draize test to assess the tolerability and there was no sign of irritation.
Ishaniya et al. (43) used polymer-supported liposome to load melatonin has encapsulated into
a polymer/lipid hybrid nanocarrier by the self-assembly of 10,12-pentacosadiynoic acid
(PCDA) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) through thin-film
hydration method. The conjugated yne-ene chain of the polymeric backbone of polydiacetylene
(PDA) facilitates the formation of stable nanoaggregation. This nanocarrier showed alkaline
phosphatase (ALP) activity and promoted the calcium deposition in mouse mesenchymal stem
cells more efficient than free melatonin. It also s upregulated the expression of Runx2, typel
col mRNAs, and secretion of extracellular matrix proteins that are related to osteoblast
differentiation. In another study, melatonin was loaded into NLC and chitosan-based
microspheres. Melatonin-loaded NLCs were prepared by a hot homogenization technique,
while NLC-loaded microspheres were produced by a spray-drying method and a hybrid system
was produced. This hybrid prolonged melatonin release, had good flowability, and appropriate
extent of fluid uptake. When this hybrid system was used to simulate wound fluid, it swelled
and created a hydrogel layer. The lipid part attenuated the evaporative water loss indicating the
potential to provide optimal hydration for moderate exuding wounds. The hybrid system was
reported to be biocompatible with skin keratinocytes and fibroblasts and showed antimicrobial
activity against Staphylococcus aureus (44). The biological effects of hybrid nanocarriers are
summarized in Table 2.

Table 2. The biological effects of melatonin in different hybrid nanocarriers.

Hybrid Carriers Biological effects

Melatonin loaded LPN in cell culture Highest hatching rate, reduced apoptosis and
ROS formation, down regulation of CASP3,
Bax and SHC1, upregulation of SODI1,
SOD2, GPX1, MCL1 (38)

Melatonin loaded LPN on epithelial A54 | Less cytotoxicity and genotoxicity to protect
cell line paraquat- induced oxidative stress (39)
mPDA-Mel-Tav Reduced ROS levels and apoptosis and
enhanced mucins on the ocular surface (40)
PLGA-PEG polymers coated with Cationic | Enhanced neuroprotective and antioxidant

lipid shell activities (41)
Polymer/lipid hybrid (PCDA, PDA, and | Increase in ALP and Calcium deposition and
DMPC) elevated RUNX2 (42)

LPN: lipid polymeric nanocarrier, mPDA-Mel-Tav: mesoporous polydopamine-melatonin-
tavilermide, PLGA-PEG: polylactic-co-glycolic acid-polyethelene glycol, PCDA: 10,12-
pentacosadiynoic acid, PDA: polydiacetylene, DMPC: 1,2-dimyristoyl-sn-glycero-3-
phosphocholine.
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4. NON- IONIC SURFACTANT-BASED VESICLES (NIOSOMES)

In this section, the nanostructures formed by non-ionic surfactant membranes will be
discussed. Niosomes are unilayer or multilayer nanocarriers that can be either used to deliver
hydrophilic or hydrophobic drugs. They have a wide spectrum of applications including dermal
usage or targeted delivery. Niosomes are very stable but leakier than liposomes and upon
freezing the size decreases and the permeability for KCL increases (5). Niosomes can be
prepared with simple methods, require less production cost, and are stable over an extended
period, thus it overcomes the major drawbacks of liposomes (45).

Temprom et al. (46) have encapsulated melatonin into niosome by preparing the niosome
using a mixture of Span 60 and cholesterol in various molar ratios (2:1, 1:1, and 1:2). They
identified a nanoparticle with high stability and suitable for drug release (especially the
niosomes with 1:1 ratio). The EE of melatonin in niosomes ranged from 85.09% to 86.69%
and the released profile of melatonin-loaded niosomes were prolonged, with a maximum
release of 21% after 48 h.

In a study of rats (47), melatonin incorporated niosome was used to protect skin damage
induced by ultraviolet light compared to the sunscreen product. Niosome-incorporated
melatonin was produced by tween80/span80 mixture with the EE=58.42%. Analysis of rat skin
showed 58% permeation of melatonin versus 7.4% permeation of octyl methoxy cinnamate.
and after 24 hours of ultraviolet light exposure, 37% of melatonin was still accumulated in the
skin and showed high antioxidant activity. According to Priprem et al. (48), niosome gel
containing melatonin can improve the pharmacokinetics of exogenous melatonin. This gel
exhibited maximum adhesiveness for more than 3 hours at 37°C and had higher absorption and
prolonged systemic circulation of melatonin. Another study compared the anti-candidiasis and
anti-inflammatory effects of glutaryl melatonin and melatonin-loaded niosomes against oral
mucositis induced by 5-fluorouracil (5-FU) in mice (49). The results showed that glutaryl
melatonin incorporated in niosomes was more efficiency than that of glutaryl melatonin alone.
Uthaiwat et al. (50) investigated the efficacy of melatonin niosome gel (MNG) and succinyl
melatonin niosome gel (SNG) in small intestinal mucositis induced by 5-FU in mice. They
observed decreased body weight and food consumption in all 5-FU-injected groups compared
with the normal group. The MNG and SNG treatments maintained the food consumption and
the normal integrity of the small intestines. They also observed that SNG reduced IL-1f to a
level that was not different from the level in the normal groups.

5. SILICA-BASED NANOCARRIERS

Inorganic substances have significant use in drug delivery systems. Silica is one of these
nanomaterials that can be applied in drug delivery for the treatment of pathological conditions.
Silica has several advantages serving as a drug delivery system including its low toxicity,
biocompatibility, unique optical properties, good adsorption and encapsulation features. These
characteristics are the reason to use it in different medical situations, biosensor development,
and cellular uptake (5). Silica has high surface-area-to-volume ratio to promote the molecules
to agglomerate and functionalizing the surface with physical or chemical interaction in
solution (51). For example, the silica-based nanocarrier was functionalized with diamine
polymer, carboxy methyl B-cyclodextrin, and folic acid and was used as the thymoquinone-
melatonin (TQ-MLT) delivery system. Five suspensions of silica nanoparticles at dose of 0.05
mg/ml were incubated with HeLa cells overnight. The results showed that as the polymer
length decreased, TQ-MLT release was increased and the toxicity for HeLa cells increased with
the length of polymer (52). Chen and colleagues (53) used mesoporous silica nanoparticles
(MSN) and MSN-chitosan (MSN-CS) as carriers to deliver melatonin (MT) into rice plants.
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They observed a controlled release for both nanocarriers but, MSN-CS performed better. They
reported that these nanocarriers can reduce cadmium (Cd) concentration in rice leaves by
43.8%. It improved leaf photosynthesis efficiency, decreased malondialdehyde (MDA)
content, enhanced the activity of antioxidative enzymes such as superoxide dismutase (SOD),
peroxidase (POD), catalase (CAT), and ascorbate peroxidase (APX) and also regulated the
expression of Cd transport genes such as OsNrampl, OsNramp5, OsHMAZ2, OsHMAS,
OsLCD, and OsPCRL.

6. GRAPHENE-BASED NANOMATERIALS

Graphene is a nanomaterial that is derived from carbon and can be used in drug delivery
systems. Graphene oxide (GO) and reduced graphene oxide (rGO) are popular derivatives in
studies that use graphene to produce nanocarriers (5). Because of hydrophilicity, solubility, and
stability in colloids, graphene oxide has the ability to be used in drug delivery systems and be
functionalized with several other molecules. The differences in these nanomaterials are the
layer numbers of GO and rGO and the molecules of their surfaces (54).

To evaluate the effects of melatonin and doxorubicin co-delivery on osteosarcoma cells, a
functionalized graphene-dendrimeric system was designed via FesO4 nanoparticle (NP) as a
magnetic nanocarrier. B-Cyclodextrin (B-CD) was modified by creating amine functional
groups and then grafted with graphene oxide (GO) (EE for DOX=99.92% and EE for
melatonin=21.5%). The human osteosarcoma cell lines including Saos-2 and MG-63, as well
as human bone marrow mesenchymal stem cells (hBM-MSC) were used to test the
effectiveness of this system. The results showed the good biocompatibility and effective
anticancer performance. This graphene-dendrimeric system caused down-regulation of X-
linked Inhibitor of Apoptosis (XIAP), survivin, and human telomerase catalytic subunit
(hTERT) (55).

7. CHITOSAN-BASED NANOPARTICLES

Chitosan is a linear semi-synthetic amino polysaccharide that is primarily made by
deacetylation of chitin. Its carbon backbone is similar to cellulose backbone except it has an
amino group on C2. Chitosan is soluble in acidic environments and not soluble in alkaline or
neutral pH (56). One of the most common formulation of chitosan is produced by an interaction
between aminosugar monomers and polyanions(57). Chitosan is non-immunogenic,
biocompatible, and enzymatic biodegradable. It can also have anti-cancer and cholesterol-
lowering and wound healing effects (56). One reason for using melatonin-loaded nanoparticles
is to enhance the distribution of melatonin in cells and to increase its stability during exposure
to air and light. Study has evaluated the long-term stability of melatonin-loaded
chitosan/lecithin nanoparticles in different terms of lyophilization. The best results were
achieved when lyophilization was done with trehalose 2.5% wi/v (7 months stable at 4°C) (58).
To evaluate the toxicity of chitosan, Hafner and his colleagues (59) used chitosan/lecithin
nanoparticles at dose of 400 pg/ml on Caco-2 and U87MG cells. NPs didn’t have any negative
effect on the cell plasma membrane and cell survival. In additional study by the same
group.(60), HaCat cell line and BJ fibroblast cells were used to evaluate the potential toxicity
of chitosan. The results showed that even at the dose of 200 pg/ml, chitosan/lecithin
nanocarriers was without any toxicity to the tested cells. Concentration-dependent toxicity of
chitosan is usually seen in free and soluble forms of this semi-synthetic polysaccharide and
when it is structured as nanocarrier its cytotoxicity is significantly decreased. The most
common material used in producing chitosan-based nanocarriers for melatonin delivery is
lecithin due to the improvement of adhesiveness, penetration and melatonin release (5).
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Shokrzade and colleagues (61) examined the effect of melatonin-loaded nanoparticles which
were based on chitosan and tripolyphosphate on HepG2 cell line. They used etoposide to induce
genotoxicity in these cells. They observed that melatonin-loaded nanocarriers reduced the
harmful effects of etoposide by reducing DNA damage and oxidation.

Jafari et al. (62) produced a pH-sensitive nanoparticle consisting of chitosan (CTS) and
hydroxypropyl methylcellulose (HPMC) and loaded it with melatonin and used it on MDA-
MB-231 breast cancer cells. They reported that melatonin-loaded CTS/HPMC NPs had higher
cytotoxicity against MDA-MB-231 cancer cells than the free MLT.

To evaluate melatonin's anti-inflammatory action in Inflammatory Bowel Disease (IBD),

Soni et al. (63) prepared melatonin-loaded chitosan nanoparticles (Mel-CSNPs). These
nanoparticles showed a better anti-inflammatory effect than free melatonin by reducing nitric
oxide, inhibiting nuclear translocation of NF-kB p65, and reducing IL-1p and IL-6 expression.
In an in vivo model, Mel-CSNPs caused a reduction in disease activity parameters and inhibited
neutrophilic infiltration. Histochemical analysis showed a reduction of inflammatory markers
such as nitric oxide synthase-2 and nitro tyrosine (64). In a study, a melatonin loaded lecithin-
chitosan nanoparticle was formulated by adding melatonin and an ethanolic solution containing
soybean lecithin to an aqueous solution that contained chitosan, then, went under sonication.
The process generated the nanoparticles with a size of 160 nm and a zeta potential of 25 mV
and an entrapment efficiency of 27%. This Mel-NP was administered to diabetic rats and the
results showed the improved wound healing capacity of Mel-NP in these animals indicated by
wound closure earlier than other treatments, induction of fibroblast and angiogenic
proliferation accompanied by expressive collagen deposition.
Aghaz et al. (65) prepared an amphiphilic chitosan nanocarrier loaded with melatonin and
tretinoin by self-assembled method to evaluate the effect of their synergistic antioxidant effect
in mice oocytes/embryos. The results of their study demonstrated that the dual delivery of Mel
and TTN could accumulate a safe (without high-dose toxicity) synergistic anti-oxidative effect
in oocyte/embryo and inhibited intra/extracellular ROS levels by an enhanced intracellular
penetration. The beneficial effects of melatonin-loaded chitosan-based nanoparticles were
summarized in Table 3,

Table 3. The results of using melatonin-loaded chitosan-based nanoparticles in different
conditions.

Conditions of Chitosan | Biological effects

Based Nanoparticles Used

HepG2 Cell line Reduced toxicity induced by etoposide
indicated by reducing DNA damage
and oxidation (60)

Inflammatory Bowel | Reduced nitric oxide, IL-1B and IL-6 and nitrotyrosine.

Disease Inhibited  nuclear  translocation of NF-kB  p65
(62)

Diabetic Rat models Wound healing features such as earlier closure of wound and
improvement of fibroblastic proliferation (63)

mice oocytes/embryos Co-delivery with tretinoin resulted in more effective
antioxidant actions and inhibit ROS levels (64)

8. SYNTHETIC POLYMERIC NANOPARTICLES

Different kind of polymers are used to produce nanoparticles for melatonin delivery
(hydrophobic or hydrophilic). They are popular for targeted drug delivery and they can increase
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the half-life of the substances besides reducing the side effects. They can be incorporated with
drugs chemically bonding to them. Each synthetic polymer can make the drug delivery specific
because of the different properties in the physical or chemical features of nanoparticles
including size, shape, surface charge, or encapsulation efficiency. A variety of synthetic
polymers have been used for melatonin delivery. These include poly-caprolactone, poly-lactic
acid, poly-lactic co- glycolic acid, polyethylene glycol, and poly-methacrylic acid-co-methyl
methacrylate and all of them are capable of loading melatonin.

9. POLY-CAPROLACTONE AND MELATONIN

The first synthetic polymer discussed in this review is poly-caprolactone (PCL). Different
methods such as nanoprecipitation, electrospraying, interfacial deposition, and electrospinning
can make PCL nanoparticles.

Melatonin was encapsulated in PCL nanoparticles by electrospraying technique and the 3

wt. % solution of melatonin-PCL nanocarrier with EE=73% had a prolonged release of
melatonin for about 8 hours. When this preparation was incubated with human osteoblast cells
or administered to female Sprague Dawley rats it significantly increased the population of cells
or increased the bone volume of rats compared to the control (66).
The melatonin-loaded PCL nanocarriers was used delivery of melatonin from nose-to-brain for
the treatment of glioblastoma. The results showed that administration of this nanocarriers
intranasally could rapidly translocated to the brains of rats and the enhanced cytotoxic effects
against U87MG cells were achieved indicating these nanoparticles being suitable for the
treatment of glioblastoma (67).

Another method to prepare PCL nanoparticles is electrospinning. Song and colleagues (68)
used this method to produce melatonin-loaded aligned PCL with electrospun fibrous
membrane. These NPs were reconstructed to the structure of tendon to bone insertion site. The
results showed the enhancement of chondrocytes differentiation to chondroid pellet. And after
implanting these membranes in rats they achieved inhibition of macrophage infiltration,
promotion of collagen maturation and reduction of fibrovascular tissue, as well as promotion
injuried tissue recovery.

Zhang and colleagues (69) produced a The melatonin-loaded magnesium-polycaprolactone
(Mg-PCL) was also used to evaluate its role in the cell in cell (CIC) structures in osteosarcoma
(OS). This preparation significantly inhibited the key CIC pathway, Rho/ROCK, through the
cAMP/PKA signaling pathway, interfering with the mitochondrial physiology of OS cells, and
thus playing an anti-invasion and anti-metastasis role in OS. Therefore, this melatonin-loaded
Mg-PCL scaffolds had the capacity inhibited the proliferation, invasion, and metastasis of OS
cells through the CIC pathway.

10. POLY-LACTIC AND POLY-LACTIC-CO-GLYCOLIC ACID AND MELATONIN

Evidence showed that HPLC with photodiode array is safe and suitable method to determine
melatonin encapsulation efficiency in poly-lactic acid (PLA) nanocarriers (70). The PLA-
melatonin NPs were prepared by Pandey et al. (71) with emulsification /nanoprecipitation
method with EE=78% being analyzed with HPLC the effects of melatonin-loaded PLA
nanoparticles versus melatonin on ROS formation and blastogenic responses were tested in
splenocytes. The results indicated that melatonin-loaded PLA NPs had better effects on the
improvement of immune response by increasing blastogenic response and reducing ROS
formation that of melatonin alone.

Poly-lactic-co-glycolic acid (PLGA) is a co polymer of lactic acid and glycolic acid which
has many properties including biocompatibility, the ability to deliver both hydrophilic and
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hydrophobic drugs, protecting the drug from biodegradation, prolonging the half-life of the
NP, and the ability to be modified by other molecules (72). By use of emulsion-diffusion-
evaporation method, Altindal et al. (73) formulated melatonin-loaded PLGA (0.2% w/v) and
micro particles and used them to treat osteosarcoma MG-63 cell line to induce cytotoxicity.
This melatonin-loaded microparticles (carrying 1.7 pg melatonin) had more inhibitory effects
on this tumor cell line than that of melatonin alone. Jarrar et al. (74) prepared a melatonin-
loaded PLGA by double emulsion solvent evaporation method and then loaded into
chitosan/hydroxyapatite (HAp) scaffolds and then, they examined the effect of BMP-2 and this
nanocarrier on pre-osteoblastic MC3T3-E1 cells. They observed that when PLGA
microparticles (melatonin 10 pg/scaffold) and BMP-2 (20 ng/scaffold) are administered
simultaneously, it can cause a higher number of cells and bone mineralization and high
expression of Runt-related transcription factor 2 (RUNX2) and alkaline phosphatase (ALP).
PLGA is also a promising carrier to improve antioxidant activity of melatonin. Martins et al.
(75) evaluated the antioxidant action of melatonin in erythrocytes by use of melatonin-loaded
PLGA produced by emulsion solvent evaporation method. It was shown that melatonin-loaded
PLGA showed no hemolysis reaction and had better scavenging activity in comparison to free
melatonin.

Pan et al. (76) used a co-delivery system of dexamethasone (Dex) and melatonin-loaded
PLGA to treat glaucoma. They produced these nanoparticles by co-axial electrospray method
(EE= more than 85%) and used it on R28 cells. The showed that the nanoparticles enhanced
the penetration, reduced the intraocular pressure, and had no toxicity on R28 cells. It could be
concluded that DEX-ML-PLGA had profound effect for management of glaucoma. In a study
to treat osteosarcoma, melatonin-loaded PLGA was incorporated into chitosan/hydroxyapatite
(chitosan/HAp) scaffolds. This system showed a biphasic melatonin release-pattern with a
burst release within 24 h, and then a sustained release for 40 days which caused an increase in
the expressions of osteogenic differentiation markers in preosteoblastic MC3T3-EL1 cells. Also,
melatonin/2-hydroxypropyl-p-cyclodextrin (HPBCD) inclusion complex was prepared by
microwave technology to inhibit MG-63 osteosarcoma cells. This complex was incorporated
into the chitosan/HAp scaffolds and loaded melatonin was rapidly released within 5h and
inhibited the proliferation of MG-63 cells in the Go/G1 phase (77).

11. POLYETHYLENE GLYCOL AND MELATONIN

Chen et al. (78) wused oil in water emulsion method to generate melatonin-loaded

polyethylene glycol (PEG) nanocarriers and polypropylene sulfide, then these nanocarriers
were used to treat sepsis-induced liver injury. These NPs showed higher anti-inflammatory
effects due to their suitable biocompatibility and higher antioxidant capacity indicated by
reduced ROS formation and less damage tissue in treated animals compared to the control. Li
Volti et al. (79) also examined the effect of melatonin-loaded PLGA (NP 1) and melatonin-
loaded PLGA-PEG (NP 2) on sepsis animal model. The oxidative stress was accessed by the
expression of heme oxygenase-1 (HO-1), lipid hydroperoxide (LOOH) level, and total thiol
groups in tissue homogenates of animals. The results showed that both NP1 and NP2
upregulated the thiol groups and reduced LOOH levels. In addition, NP2 caused a great
reduction of HO-1 expression and had better antioxidant activity than NP1.
The PLGA-monomethoxy-poly-PEG (PLGA-MPEG)-melatonin NP with EE=79.3% was used
to evaluate the protective effect on adipose-derived mesenchymal stem cells (ADSCSs) (). This
NP reduced formation of p53-cyclophilin D complex and rescued the ADSCs from
hypoxia/reoxygenation injury. Also, administration of melatonin-loaded PLGA-mPEG showed
a higher ADSC survival rate than melatonin alone after myocardial infarction (80).
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12. POLY METHACRYLIC ACID-CO-METHYL METHACRYLATE AND
MELATONIN

Poly methacrylic acid-co-methyl methacrylate or poly MMA-co-MAA is a biocompatible
polymer that does not produce toxic residues when it is solved in water. Schaffazick et al. (81)
loaded melatonin (1 or 10 mg/kg) into poly MMA-co-MAA and coated it with polysorbate 80
then administered it to mice intraperitoneally. It was reported that this NP reduced lipid
peroxidation in mice's brain and liver and also improved the total antioxidant capacity.

13. CONCLUSION

Nanocarriers can be used to deliver active ingredients to more effectively treat disorders
with reduced side effects. Specifically, to melatonin, many studies have demonstrated that
liposomal carriers can improve the penetration of melatonin to targeted tissue and also can
enhance the antioxidant effects of melatonin. SLN and NLC can be administered in different
routes such as locally, orally or ocularly and they also can improve the anti-apoptotic and
antioxidant effects of melatonin. The field of hybrid carriers for melatonin delivery has the
advantage of enhanced loading capacity and improved permeation, therefore, they can be used
to deliver melatonin to enhance its neuroprotective, wound healing and bone regeneration
activities. Other types of nanocarriers can also be selected to deliver melatonin depending on
the treatment purpose, tissue specific and properties of the study. It is well established that
incorporating melatonin into these nanocarriers leads to improved performance of melatonin
as an antioxidant, anti-inflammatory or anti-tumor agent. These melatonin-loaded nanocarriers
can be used as an adjuvant or the primary active molecule to prevent and treat many diseases
with significantly increased efficiency. Although the complete spectrum of functions of
melatonin-loaded nanoparticles is currently unknown, some of them have been chemically
optimized for use. However, aspects such as optimal dosage, timing, administration route,
responses of other cells or the specific effects of melatonin in nanocarriers in various diseases
should be evaluated continuously in the future.
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