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Background. The present work aims at formulating the melatonin-loaded nanoparticles (MTNPs) exhibiting the controlled-release
and pH-sensitivity to repurpose the use of melatonin in the treatment of depressive-like behaviors and hypothalamus-pituitary-
adrenal (HPA) axis dysregulation. Methods. MTNPs were characterized for the size, drug incorporation, and in vitro release in
the different pH environments. Its merits were in vivo tested on the pinealectomized rats presenting the depressive-like
behaviors and the abnormal HPA axis activity by calculating the improvement on saccharin preference, swimming immobility
time, and the negative feedback of HPA axis. Results. Results revealed that MTNPs showed nanometer size, 15.77% of drug
loading, 33.82% of encapsulation efficiency, the different controlled-release profiles in different pH environments (pH 1.2,
pH 6.8, and pH 7.4), more sensitivity release in simulated intestinal fluid (pH 7.4) and blood (pH 6.8), and less sensitivity release
in simulated gastric fluid (pH 1.2). Furthermore, MTNPs displayed better antidepressant actions in reducing the immobility
time of forced swimming test, increasing the preference for saccharin, and sensitizing the blunt negative feedback of HPA axis,
when compared to the free melatonin. Conclusions. The controlled-release nanoparticles is shown to be an effective
improvement on the dosage form for melatonin, which is worthy of futuristic and complete evaluation.

1. Introduction

The released report by the World Health Organization
(WHO) in 2017 shows that depression has become the most
widespread and burdensome mental illness [1]. There are
currently about 350 million patients worldwide, and it is pro-
jected that depression will be the most popular disease in the
developing countries by 2022 [2, 3]. Melatonin (MT) is an
endogenous bioactive substance which is mainly secreted by
pineal gland [4]. Melatonin has a broad range of physiologi-
cal activities, including body temperature regulation [5],
nervous regulation [6], endocrine regulation [7], immune
regulation [8], and hormone secretion [9]. Melatonin secre-
tion decreases during the course of depression and increases

after achieving remission, suggesting that the abnormality of
melatonin plays a role in the pathogenesis of depression
[10, 11]. As the deep understanding of neuroendocrine ther-
apy of depression, melatonin has been found to have a certain
effect on improving depressive-like behaviors [12, 13]. Boer
et al. [14] reported that melatonin may be used as a novel anti-
depressant in clinical treatment of a variety of depression,
especially in the treatment of major depressive disorder
(MDD). Clinical studies showed that the plasma level of mel-
atonin decreases inMDD patients [15]. In the preclinical stud-
ies evaluating the antidepression efficacy of melatonin, it was
found that the immobility period of mice in the forced swim-
ming test (FST) decreased in the dose-dependent manner after
the daily administration of melatonin (2.5-10mg/kg) in 3 to 6

Hindawi
Advances in Polymer Technology
Volume 2020, Article ID 4789475, 9 pages
https://doi.org/10.1155/2020/4789475

https://orcid.org/0000-0003-4374-2955
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/4789475


days [16]. The administration of melatonin by intraperitoneal
(0.1-30mg/kg) or intracerebroventricular (0.001-0.1nmol/
site) route also reduced the immobility period in the tail sus-
pension test (TST) [17]. Unpredictable chronic exposure to
stress-induced high levels of serum corticosterone in mice;
however, oral administration of exogenous melatonin for 5
weeks (1 and 10mg/kg) decreased the higher serum cortico-
sterone levels [18]. These studies provided the direct evidences
supporting the hypothesis that the melatonin acts as an anti-
depressant, and melatonin might have regulatory roles in the
activity of hypothalamus-pituitary-adrenal (HPA) axis [19–22].

After the oral administration, the blood concentration of
the melatonin increases rapidly and then decreases rapidly
with a short half-life of about 60 minutes in the blood and a
low bioavailability of about 15% [23]. The pharmaceutical
dosage forms are useful in the precision and rationalization
of drug delivery, so as to realize the sustained and stable drug
release and the long-term effective blood drug concentration,
to avoid the fluctuation of peak-valley concentration, and to
reduce the frequency of administration [24]. In addition, the
effective dosage forms can also reduce the side effects of drugs,
such as the protection on gastrointestinal tract [25, 26]. By
using the polymer nanometer materials and the drug-loaded
nanoparticle technology, the melatonin compound is wrapped
and attached to the nanoparticle, so as to slow down the disso-
lution rate and improve the drug absorption in vivo [27–29].
The design of the dosage form for melatonin has been a new
strategy to improve its curative effect in various diseases [30, 31].

In this study, the gelatin, polylactic acid (PLA), and chito-
san were used to prepare melatonin-loaded nanoparticles
(MTNPs). Then the effects on the depressive behaviors and
the hormone secretion in vivo in the pinealectomized rats
were compared between the administration of MTNPs and
free melatonin.

2. Material and Methods

2.1. Preparation of Nanoparticles Loaded with Melatonin.
The absolute ethyl alcohol solution containing melatonin
(0.5mL) and the aqueous solution containing gelatin
(0.5mL) were mixed to give a clear solution under 50°C. Then

the solution was dropped slowly into the dichloromethane
solution containing PLA (9.0mL) followed with 1h stirring
and 1h ultrasonic vibration to obtain the white emulsion I.
The final concentrations of melatonin, gelatin, and PLA were
0.4%, 0.1%, and 1.2%, respectively. Emulsion I was slowly
dropped into the dichloromethane solution (30mL) containing
Span-80 and Tween-80, followed with 1h stirring, subsequent
heating at 39°C to evaporate 30mL of dichloromethane, and
1h ultrasonic vibration to obtain the yellow emulsion II
(10mL). Emulsion II was slowly dropped into the aqueous
solution (50mL) containing 0.25% chitosan and 1% acetic
acid, followed with 1 h stirring and 1h ultrasonic vibration
to obtain the white emulsion III. Emulsion III was stirred to
volatilize the organic solvent for 24 h at 30°C and then was
centrifuged at 5000 rpm/min to obtain the precipitate. The
precipitate was washed by deionized water, centrifuged for
three times, and dried under vacuum decompression to obtain
the product of melatonin-loaded nanoparticles (MTNPs). The
procedure is schematically shown in Figure 1.

2.2. Measurement of Particle Size, PDI, and Morphology. The
hydrodynamic diameter and polydispersity index (PDI)
value of MTNPs were analyzed by dynamic light scattering
(DLS). Five measurements were taken using the Zetasizer
Nano analyzer from Malvern Instruments (Malvern, UK).
Transmission electron microscopy (Philips CM12, Eindho-
ven, Netherlands) was applied to evaluate the morphology
of MTNPs. The particle sizes of MTNPs were determined
by measuring the diameters with the ImageJ measurement
tool from a number of TEM images.

2.3. Determination of Drug Incorporation.One milligram per
milliliter of MTNPs in dichloromethane was diluted for 100
times by 30% ethanol. Then the water phase was collected by
stirring thoroughly and standing for 20min. The absorbance
of the water phase was measured by a UV spectrophotometer
at 278nm. The melatonin concentration was calculated
according to the standard curve of melatonin at 278nm. The
encapsulation efficiency (EE) and drug loading (DL) of mela-
tonin were calculated by the equations (1) and (2), respec-
tively, as

2.4. In Vitro Release Study. The phosphate-buffered salines
(PBS) of pH7.4, pH6.8, and pH1.2 were prepared and used
for simulating blood, intestinal fluid, and gastric fluid,
respectively. 10mL of 0.1mg/mL MTNPs was placed into a
dialysis bag. The dialysis bag was put into 50mL PBS with
different pH and then was stirred magnetically at 37°C. At
the indicated interval, 1mL of sample PBS was removed for

analysis, and the new PBS (1mL) was supplemented. The
absorbance of the sample PBS was measured by a UV spec-
trophotometer at 278 nm to plot the cumulative release
curve. All the drug release studies were performed in
triplicates.

2.5. Animals and Groups. Male Wistar rats were housed in a
temperature-controlled room (25°C) under the light/dark

Encapsulation efficiency %ð Þ = Mass of melatonin in nanoparticles × 100%
Mass of initial melatonin used

ð1Þ

Drug loading %ð Þ = Mass of melatonin in nanoparticles × 100%
Mass of nanoparticles

ð2Þ
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cycle (12 : 12 h, lights on at 08:00 a.m.). Experimental proce-
dures were approved by the Animal Ethics Committee of
Hubei University of Medicine. The rats were randomly
divided into four groups with 10 rats per group: the sham
group, normal rats treated with vehicle; the Pin group, pine-
alectomized rats; the Pin-MT group, pinealectomized rats
treated with free melatonin; and the Pin-MTNPs group,
pinealectomized rats treated with MTNPs.

2.6. Surgery and Treatment. The surgery was performed fol-
lowing the method previously reported by Hoffmann and
Reiter [32]. Briefly, the rats were anesthetized and adapted
to a stereotactic apparatus, and then the hair on the top of
the head was scraped and removed. Transverse incision was
cut between two ears to expose the sagittal suture and lamb-
doidal suture. A piece of rectangular bone was peeled off
from the dura using a pointed dental burr with the sagittal
suture as the symmetry axis. After the dura was cut off, the
sagittal venous sinus was ligated on two sides and was cut
off at the middle, and then the pineal gland under the sagittal
venous sinus was removed. After using the Gelfoam sponge

to stem the bleeding, the rectangular bone was returned to
its original position, and then the skin was sutured. The sham
rats encountered the same procedure except that the pineal
gland was removed. After 7 days of surgery, the rats could
be used in the study.

Free melatonin or MTNPs, dissolved in saline containing
4% ethanol, was injected subcutaneously at 17:00 p.m. at the
dose of 10mgkg−1 and 60mgkg−1, respectively. The doses
ensured the equal amount of melatonin given to rats. The
sham group and Pin group were injected the equal volume
of saline subcutaneously. The administration was kept for 4
weeks.

2.7. Saccharin Preference Test.During the last four days of the
administration, all rats were given two weighed bottles, one
containing pure water and the other one containing 0.1% sac-
charin solution. After 24h, the two bottles were weighed to
calculate the consumption of drinking water using the differ-
ence before and after detection. The consumption for 4 con-
secutive days was recorded, and then the taste preference was
calculated by the equation (3) as

2.8. Forced Swimming Test (FST). After 1 h of final adminis-
tration, the rats in each group were put into a glass cylinder
(ϕ of 20 cm, height of 40 cm) filled with 24 cm of water at
25°C. Each rat was allowed to freely swim for 6min, and
the immobility time was recorded in the last 4min. The water
was replaced before each test to avoid the interference of fecal
and odor from each rat.

2.9. Hormone Assay. Before the dexamethasone (Dex) chal-
lenge, the blood of each rat was collected and the basal level
of corticosterone (CORT) was detected by ELISA. Then
Dex (30mg/kg) was injected intraperitoneally to inhibit the
secretion of CORT in vivo. After 2 h of injection, the blood
sample was collected and the CORT level was measured
again.

Polylactic acid
(in dichloromethane ) +

Melatonin and gelatin
(in ethanol : water = 1:1)

Stirring
Ultrasonic vibration

Emulsion I + Span-80 and Tween-80
(in dichloromethane )

Stirring 
Heat-evaporating part of dichloromethane at 39 °C
Ultrasonic vibration

Emulsion II + 0.25% chitosan
(in water)

Stirring
Ultrasonic vibration

Emulsion III
Stirring at 30 °Cfor 24 h
Centrifugation

Precipitate
Wash
Vacuum decompression

Melatonin-loaded nanoparticles (MTNPs)

Figure 1: Schematic presentation of the preparation of melatonin-loaded nanoparticles (MTNPs).

Preference for saccharin %ð Þ = Mass of saccharin solution × 100%
Totalmass of drinking water saccharin + waterð Þ ð3Þ
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2.10. Statistical Analyses. All statistical analyses were per-
formed using SPSS (version 12.0.1, SPSS Inc., Chicago, IL,
United States). Data are expressed as the means ± SD, and
P < 0:05 was considered statistically significant. One-way
ANOVA was used followed by the post hoc test for group
difference.

3. Result

3.1. Basic Characteristics of the MTNPs. The hydrodynamic
particle size of MTNPs was 96:12 ± 13:53 nm, and the PDI
value was 0:203 ± 0:01. The TEM image showed the mor-
phology of MTNPs as the spherical shape (Figure 2). Histo-
grams indicated the particle size distribution of MTNPs
(Figure 3). MTNPs had the particle size distribution between
23 and 106 nm, and the average size was 54:71 ± 17:29 nm.
The particle size between 39.45 and 55.90 nm accounted for
51.6% and was the relatively concentrated size range.

3.2. Encapsulation Efficiency and Drug Loading of MTNPs.
The drug loading of MTNPs produced from 3 batches was
15:77 ± 1:74% in Figure 4. The encapsulation efficiency from
3 batches was 33:82 ± 0:53%.

3.3. In Vitro Release Profiles of MTNPs in Different pH
Solutions. The release kinetics of melatonin was evaluated
in three different in vitro environments (pH1.2, simulated
gastric fluid; pH6.8, simulated intestinal fluid; and pH7.4,
simulated blood). In the simulated gastric fluid (pH1.2),
the melatonin release rate was the slowest and less than
20.3% at 8 h (Figure 5(a)). In the simulated intestinal envi-
ronment (pH6.8) and blood (pH7.4), the degradation of
PLA and chitosan was accelerated, so as that melatonin
release rates increased to 81.4% (Figure 5(b)) and 96.7%
(Figure 5(c)) at 8 h, respectively.

3.4. Effect of MTNPs on Saccharin Preference in the
Pinealectomized Rats. The preference for saccharin is an
indicator for evaluating anhedonia. As shown in
Figure 6, the preference for saccharin of each group was
similar before pinealectomy (P > 0:05). After pinealectomy,
the rats of the Pin group showed statistically significantly
decreased preference for saccharin (P < 0:05), indicating
that the pinealectomized rats have the depressive-like
behavior. After the various administrations, both MT and
MTNPs could increase the preference for saccharin in
the pinealectomized rats. As compared to the MT group,
the preference for the saccharin of rats in the MTNPs
group was higher, but no significant statistical significance
was observed.

3.5. Effect of MTNPs in FST. As shown in Figure 7, at week 0,
all groups did not present the notably difference of the immo-
bility time (P > 0:05). After the pinealectomy and adminis-
tration for 4 weeks, the significant difference of the
immobility time between the Pin group and sham group
was shown (P < 0:001), representing the induced depression
to rats. However, both treatment groups with MT and
MTNPs significantly reduced the immobility time in FST
compared to the Pin group. Moreover, the FST result showed

that MTNPs exhibited an improvement more significantly to
MT (P < 0:05).

3.6. Effect of MTNPs in HPA Axis Activity. Plasma CORT
levels in basal condition (before the Dex injection) and after
the Dex injection were observed (Figure 8). Before the Dex
injection, the basal plasma levels of CORT of the pinealecto-
mized rats were higher than that of sham rats, but there was
no statistical difference (P > 0:05). After the Dex injection,

50 nm

Figure 2: Transmission electron microscope image of melatonin-
loaded nanoparticles (MTNPs).
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Figure 3: The particle size distribution for melatonin-loaded
nanoparticles (MTNPs).
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Figure 4: Drug loading and encapsulation efficiency of melatonin-
loaded nanoparticles (MTNPs). DL: drug loading; EE:
encapsulation efficiency.
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the plasma CORT levels of all rats decreased significantly
(P < 0:05), presenting the negative feedback mechanism of
the HPA axis. When analyzing the CORT levels, it was
observed that the CORT level of the Pin group was signifi-
cantly higher than that of the sham group (P < 0:05). When
compared with the Pin group, the CORT level of the MT
group showed a decreased tendency without statistical differ-
ence (P > 0:05); however, the CORT level of the MTNP
group significantly decreased (P < 0:05). When analyzing
the decreased fold of the CORT level, it was observed that
the decreased fold of the Pin group was significantly lower

than that of the sham group, indicating the pinealectomy
impaired the negative feedback of the HPA axis. Both rats
in the MT group and MTNP group showed a notable
decrease in the CORT level and significant increased change
fold (P < 0:05), indicating that MT and MTNPs could
improve the impaired negative feedback. When compared
with the decrease fold of CORT in the MT group, the
decrease fold in the MTNP group was significantly higher
(P < 0:05), suggesting that MTNPs improved the damaged
HPA axis more than MT.
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Simulated intestinal fluid (pH7.4)
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Figure 5: In vitro release profile of melatonin-loaded nanoparticles (MTNPs). (a) pH 1.2, simulated gastric fluid. (b) pH6.8, simulated blood.
(c) pH 7.4, simulated intestinal fluid.
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Figure 6: Effect of melatonin-loaded nanoparticles (MTNPs) on
saccharin preference. ∗∗∗P < 0:001 vs. the sham group; #P < 0:05 and
##P < 0:01 vs. the Pin group. Pin: pinealectomized rats; MT: melatonin.
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Figure 7: Effect of melatonin-loaded nanoparticles (MTNPs) on the
immobility time in forced swimming test. ∗∗P < 0:01 and ∗∗∗P <
0:001 vs. the sham group; #P < 0:05 and ##P < 0:01 vs. the Pin group;
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4. Discussion

Although melatonin is metabolized rapidly in vivo and has a
short half-life of about 60 minutes [23], the controlled-
release dosage forms can delay the elimination time of mela-
tonin residue in vivo, prolong the retention time, and main-
tain the physiological effect of melatonin. There are various
carriers used to prepare the controlled-release dosage forms
of melatonin, such as silica [33], diamine polymer [33],
hydroxypropyl methylcellulose phthalate [34], alginate [35],
and poly(lactic-co-glycolic acid) (PLGA) [28, 36]. In the
study, PLA and chitosan are used as the controlled-release
carriers for melatonin, and gelatin is used as dispersant.
The hydrophilic gelatin is nontoxic and nonantigenic protein
and plays the role of emulsifying and stabilizing agent. PLA
has good biodegradability, good biocompatibility [37, 38],
and no toxicity [39]. PLA is hydrolyzed fully to lactic acid,
the natural substance of human body, which in turn is con-
verted into carbon dioxide and is expelled from the lung
[40, 41]. Chitosan is a natural poly(glucosamine) with good
biocompatibility, biodegradability [42], and bioactivities
[43]. According to the characteristics of the polymers, the
technique of emulsification-solvent evaporation is adopted
to prepare the melatonin-loaded nanoparticles (MTNPs).
The melatonin compound is adsorbed, embedded, and
attached by PLA and chitosan, rather than chemically linked
to these polymers, thus not destroying the nature of melato-
nin. In the process of drug production, encapsulation effi-
ciency and particle size are the two most essential features.
The purpose of the drug determines the particle size. The
particle size of MTNPs is 54.71 nm, lower than 100nm,
which is favorable for the feasible purpose of penetrating
the blood-brain barrier. However, the encapsulation effi-
ciency of MTNPs is low. The improvement of encapsulation
efficiency might be adjusted from the stirring speed, the poly-
mers concentration, and the solvent evaporation tempera-
ture. The process of the controlled-release [44] of

melatonin from MTNPs firstly displays as the detachment
and diffusion of melatonin adsorbed on the surface of
MTNPs. Secondly, PLA and chitosan which are located at
the outer layer of MTNPs proceed swelling, and the swelling
causes a plurality of micropores on the surface of MTNPs.
These actions promote the gradual dissolution and release
of melatonin through the micropores and also promote the
permeation of solvent into the inside of MTNPs through
the micropores and thereby accelerate again the dissolution
and release of melatonin. Finally, the carrier materials of
MTNPs are degraded and eroded, so that the melatonin is
completely released. This process plays the role in maintain-
ing the controlled release of melatonin.

It has been reported in literatures that melatonin has
binding sites in the gastrointestinal tract of mammals,
and the density of these binding sites differs in different
regions of the intestines. Lee et al. demonstrated that the
binding site density follows the descending order: ileum,
jejunum > duodenum, colon > cecum > esophagus [45].
Poon et al. found that the binding sites of human body
are mainly located in the colon, cecum, appendix, and
few ileus [46]. Bubenik et al. [47] compared that the bind-
ing site density in the intestines is overall higher than that
in the stomach. In the present study, according to the tis-
sue distribution characteristics of melatonin binding sites,
we prepared the MTNPs with the slow release of melato-
nin in the stomach and the rapid release in the intestines.
The melatonin can be rapidly absorbed along with the
mass release of melatonin in the intestinal tissue because
of the large absorption surface area of the intestinal tissue.
Thereby, this action could improve the bioavailability of
melatonin. Due to the removal of the pineal gland, the
in vivo level of melatonin is much lower. The controlled
release of melatonin can maintain the retention time of
melatonin in vivo and keep the drug effect for a long time;
therefore it plays a part in simulating the physiological
function of pineal gland.
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Figure 8: Effect of melatonin-loaded nanoparticles (MTNPs) on the plasma corticosterone level. (A) The plasma corticosterone level. (b) The
decreased fold change of plasma corticosterone. ∗P < 0:05 vs. the sham group; #P < 0:05 vs. the Pin group; ★P < 0:05 vs. the MT group. Pin:
pinealectomized rats; MT: melatonin.
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Delagrange et al. [48] showed that melatonin and its recep-
tor agonists are antidepressants. The plasma level of melatonin
in the first-episode depression patients was lower than that in
healthy people during the onset of depression and was also sig-
nificantly lower than that in first-episode schizophrenia
patients. This suggested that the decline of melatonin level is
particularly closely related to the depression. Delagrange et al.
also demonstrated that the plasma level of melatonin increases
significantly as the depressive symptoms remission after treat-
ment with antidepressants. In clinical trials, it is also reported
that the serum level of melatonin was abnormal in MDD
patients, although the level does not distinguish the severity of
depression [49]. Oral administration with exogenousmelatonin
is useful for treating depression. Melatonin has an antidepres-
sant effect onmouse undergoing the repeated forced swimming
tests [16]. Melatonin also has the function in improving the
mood of MDD patients and has good safety, good tolerance,
and no adverse side effects [50]. In our study, it demonstrated
that the pinealectomy produces depressive-like behaviors in
rats, including significantly reducing saccharin preference in
Wistar rats and prolonging the swimming immobility time.
These indexes could be effectively improved by administration
of exogenous melatonin [51]. Our results are consistent with
the reported results. Furthermore, compared to the effects of
free melatonin, MTNPs are more effective on the shortening
of the immobility time and show a tendency to increase the sac-
charin preference, suggesting a better drug effect by MTNPs. It
is speculated that this better improvement might be due to the
controlled release of melatonin from MTNPs, which in turn
maintains the plasma level for a long time.

Previous studies have shown that the melatonin has the
inhibitory effect on the hypothalamus-pituitary-target axis
activity (gonad, thyroid, and adrenal) [52, 53]. Moreover,
melatonin also has an improved effect on the immune sys-
tem, which causes the changes of cytokine secretion and reg-
ulates neuroendocrine. This makes the effect of melatonin
more diverse and complicated on neuroendocrine, especially
in many inconsistent results on the HPA axis [52]. For exam-
ple, the reduction of melatonin caused by the pinealectomy
has no significant effect on the CORT secretion in male rats
[54], while the secretion in female rats is upregulated [55].
In the present study, the deficit of melatonin due to the pine-
alectomy showed a tendency to enhance the basal plasma
CORT levels before Dex injection although there was no sta-
tistical difference among the four groups. However, after the
Dex injection, the decrease fold of the CORT level in the Pin
group was significantly less than that in the sham group, indi-
cating that the absence of the pineal gland destroys the plastic
change of the HPA axis activity. The higher CORT level in
the pinealectomized rats is also consistent with their symp-
toms of depressive-like behaviors. The administration of
the exogenous-free melatonin or MTNPs could augment
the decrease folds of CORT after the Dex injection, make
the plasticity of HPA axis sensitive, and improve the negative
feedback of the HPA axis. Moreover, MTNPs could improve
the negative feedback mechanism more than that of the free
melatonin, which proves that the long-term release of mela-
tonin might help to alleviate the overall decrease of melato-
nin caused by pinealectomy.

5. Conclusion

In the current work, the controlled-release nanoparticles
loaded with melatonin in the treatment of pinealectomized
rats were proven. These nanoparticles can effectively encap-
sulate melatonin and protect melatonin from degradation.
The melatonin-loaded nanoparticles present both pH-
sensitivity and the controlled release. It helps the rapid
release and absorption in the intestinal tissue to improve
melatonin bioavailability. Then the in vivo results prove that
the nanoparticles treatment effectively improve the
depression-like behaviors and the HPA axis hormone secre-
tion in the pinealectomized rats. The study however is in its
infancy, and it still requires the optimization of encapsulation
efficiency and needs the complete drug efficacy evaluation
using the chronic unpredictable mild stress-induced rats.
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