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A B S T R A C T

The potential of duloxetine-loaded solid lipid nanoparticles (DLX-SLNs) for enhanced antidepressant activity was
investigated in the current study. Nano-template engineering technology was successfully employed for the
preparation of DLX-SLNs. In vivo forced swim and tail suspension tests were used to evaluate behavioral changes
of rats in lipopolysaccharide-induced depression. The determination of brain-derived neurotropic factor (BDNF)
in brain and plasma was carried out using enzyme-linked immunosorbent assay. The incorporation efficiency of
optimized DLX-SLNs formulation was found to be 80 % with particle size of 114.5 nm, PDI of 0.29 and zeta
potential of -18.2mV. Powder X-ray diffractometry and differential scanning calorimetry demonstrated suffi-
cient incorporation into lipid matrix and amorphous behavior of DLX. In vitro release profile of DLX-SLNs showed
a sustained release achieving a cumulative amount of 52.97 % for 24 h. DLX-SLNs showed a significant decrease
in immobility time in forced swim and tail suspension tests. DLX-SLNs increased BDNF levels in plasma and brain
after 2 weeks. Immunohistochemistry results demonstrated significant reduction in the expression of tumor
necrosis factor-α and cyclooxygenase enzyme-2 in brain. In conclusion, solid lipid nanoparticles can be utilized
as a potential carrier for the delivery of antidepressant drugs into the brain.

1. Introduction

Depression is a devastating mental illness affecting the behavioral,
psychological and physical health and resulting in major social and
economic implications [1]. It has been reported that about 264 million
people suffer from depression worldwide [2]. Depression is associated
with significantly impaired social interaction and quality of life, in-
creased suicidal thoughts, higher risk of developing heart diseases, and
increased morbidity and mortality [3,4]. The pathophysiology of de-
pression is complex and poorly understood, and a number of hypotheses
have been suggested to provide the basis of depression involving im-
balance in cytokines and neurotrophins levels [5,6]. Duloxetine (DLX),
a first line treatment of depression, acts via dual inhibition of serotonin
and norepinephrine reuptake [7]. It has also been utilized for anxiety
disorders, fibromyalgia and peripheral neuropathies associated to

diabetes [8,9]. DLX is preferred over other antidepressant drugs for its
better efficacy and tolerability, quicker recovery, dual inhibition
property, fewer side effects, ability to treat both emotional and physical
symptoms and lower affinity for other neuronal receptors [10,11].
However, poor aqueous solubility (⁓130 μg/mL at 25 °C), extensive
metabolism by hepatic enzymes and its susceptibility to degradation at
acidic pH cause low (⁓50 %), variable and dissolution-rate dependent
oral bioavailability of DLX [12]. Moreover, the presence of blood-brain
barrier (BBB) hampers the access of antidepressant drugs into the brain
following oral and parenteral administration, thereby making treatment
more challenging. BBB is composed of tightly bound endothelial cells
and a number of pericytes, astroglia and mast cells to render brain
impermeable for overwhelming majority of large and small molecules
[13]. The expression of efflux pumps (mainly P-gps and MRPs) on the
apical surface of brain endothelial cells hinder the transcellular

https://doi.org/10.1016/j.colsurfb.2020.111209
Received 5 May 2020; Received in revised form 16 June 2020; Accepted 19 June 2020

⁎ Corresponding author at: Riphah Institute of Pharmaceutical Science, Riphah International University, Sector G-7/4, 7th Avenue, Islamabad 44000, Pakistan.
⁎⁎ Corresponding author at: College of Pharmacy, Institute of Pharmaceutical Sciences and Technology, Hanyang University, 55 Hanyangdaehak-ro, Sangnok-gu,

Ansan, Gyeonggi 15588, Republic of Korea.
E-mail addresses: jinkikim@hanyang.ac.kr (J.-K. Kim), alam.zeb@riphah.edu.pk (A. Zeb).

Colloids and Surfaces B: Biointerfaces 194 (2020) 111209

Available online 21 June 2020
0927-7765/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09277765
https://www.elsevier.com/locate/colsurfb
https://doi.org/10.1016/j.colsurfb.2020.111209
https://doi.org/10.1016/j.colsurfb.2020.111209
mailto:jinkikim@hanyang.ac.kr
mailto:alam.zeb@riphah.edu.pk
https://doi.org/10.1016/j.colsurfb.2020.111209
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2020.111209&domain=pdf


transport of drugs across the BBB [13,14]. These formidable obstacles
often restrict the effective brain delivery and optimal therapeutic re-
sponse of antidepressant drugs.

Formulation approaches including the use of mesoporous silica
[15], microemulsion [16] and lipid nanoparticles [17] have been uti-
lized to overcome low aqueous solubility, dissolution and oral bioa-
vailability of DLX. In another study, nanostructured lipid carriers were
utilized to improve the poor brain delivery of DLX via intranasal ad-
ministration [18]. However, none of the previously reported studies
investigated the in vivo antidepressant effects of DLX-loaded solid lipid
nanoparticles (DLX-SLNs) after parenteral administration. SLNs are the
first generation of lipid nanoparticles composed of solid lipid core
covered by a surfactant shell to stabilize the system [19]. SLNs are
preferred over their colloidal counterparts due to a number of ad-
vantages including biocompatibility, high drug incorporation, sustained
drug release, improved physical and chemical stabilities, enhanced
drug protection in physiological environment, improved bioavailability
and convenient large scale production [20,21]. More importantly,
owing to their small particle size and lipid nature, SLNs have the in-
herent ability to penetrate the BBB even without any surface functio-
nalization [22]. Considering their favorable attributes, SLNs could be a
promising drug delivery system for improving the brain delivery of
DLX.

The current study is intended to evaluate the in vivo antidepressant
potential of DLX-SLNs in the experimental animal models. DLX-SLNs
were prepared and optimized by nano-template engineering technique
using stearyl alcohol as a solid lipid and a mixture of Poloxamer 188
and Tween 80 as a surfactant shell, followed by physicochemical
characterization and in vitro release studies. The in vivo antidepressant
effects of DLX-SLNs were evaluated by behavioral tests in lipopoly-
saccharide (LPS)-induced depressive animal model. The molecular
markers of depression were assessed by using enzyme-linked im-
munosorbent assay (ELISA) to determine the concentration of brain-
derived neurotropic factor (BDNF) in brain and plasma, and im-
munohistochemistry to measure the expression of tumor necrosis
factor-α (TNF-α) and cyclooxygenase enzyme-2 (COX-2) in brain.

2. Materials and methods

2.1. Materials

Duloxetine (DLX) was kindly gifted by Vision Pharmaceuticals,
Islamabad, Pakistan. Lipopolysaccharide (LPS, from Escherichia coli),
stearyl alcohol, Tween 80 and Poloxamer 188 were obtained from
Sigma Aldrich (St. Louis, MO, USA). All other chemicals utilized in the
study were of analytical grade and used without further purification.

2.2. Preparation of DLX-SLNs

Nano-template engineering technique was employed with slight
modifications for the preparation of DLX-SLNs [23,24]. Momentarily,
stearyl alcohol was melted in a water bath at 75 °C followed by the
addition of Poloxamer 188, Tween 80 and DLX. Filtered deionized
water maintained at 75 °C was then added to the molten lipid/surfac-
tant mixture with constant magnetic stirring at 1600 rpm for 30min to
form a clear nano-emulsion. Finally, DLX-SLNs were obtained by ra-
pidly cooling down the nano-emulsion at 4 °C in ice bath. The unloaded
drug and large aggregates were removed from DLX-SLNs by filtering the
formulation with a 0.45 μm PVDF syringe filter and subsequently stored
at 4 °C until further analysis. The composition of DLX-SLNs with dif-
ferent lipid to surfactants ratio is presented in Table 1.

2.3. Determination of particle size, polydispersity index, zeta potential and
incorporation efficiency

DLX-SLNs were characterized for the average particle size,

polydispersity index (PDI), zeta potential and drug incorporation effi-
ciency. For this purpose, DLX-SLNs were suitably diluted with filtered
deionized water and their particle size, PDI and zeta potential were
determined by using photon correlation spectroscopy and electro-
phoretic light scattering technique, respectively, with a Zetasizer ZS 90
(Malvern Instruments, Malvern, Worcestershire, UK). To determine the
drug incorporation efficiency and loading content, DLX-SLNs freed from
unloaded DLX were dissolved in methanol followed by drug content
analysis with a UV–vis spectrophotometer at 288 nm (V-530; JASCO
Corporation, Tokyo, Japan). The possibility of absorption from the in-
gredients other than DLX (stearyl alcohol, Poloxamer 188 and Tween
80) was excluded by measuring absorbance of stearyl alcohol,
Poloxamer 188, Tween 80 and blank SLNs at 288 nm along with their
UV spectra between 200−400 nm and subsequently comparing them to
those of DLX (supplementary material). The calculations for in-
corporation efficiency and loading content were made by using the
following equations.

= ×Incorporation efficiency (%)
weight of DLX in DLX-SLNs

total weight of DLX added
100

= ×Loading content (%)
weight of DLX in DLX-SLNs

total weight of DLX-SLNs
100

The storage stability of optimized DLX-SLNs formulation was eval-
uated for 8 weeks at 4 °C. For this purpose, DLX-SLNs were stored at
4 °C in dry and sealed glass vials flushed with a stream of nitrogen gas.
Samples were subsequently collected at 1, 2, 4, 6 and 8 weeks and
monitored for changes in particle size, PDI, zeta potential, incorpora-
tion efficiency and loading content.

2.4. Transmission electron microscopy (TEM)

The morphological features of the optimized DLX-SLNs were as-
sessed with field-emission transmission electron microscopy (JEM-
2100 F; JEOL, Tokyo, Japan). Diluted DLX-SLNs were permitted to
adsorb on to a 400-mesh carbon-coated copper grid followed by adding
a drop of 1% phosphotungstic acid aqueous solution for negative
staining and drying at ambient temperature. The DLX-SLNs were finally
imaged with a TEM at an accelerating voltage of 200 kV [19].

2.5. Differential scanning calorimetry (DSC)

Thermal analysis of lyophilized DLX-SLNs and their individual solid
components (DLX, stearyl alcohol and Poloxamer 188) was performed
by using a differential scanning calorimeter (DSC Q20; TA Instrument,
New Castle, DE, USA). DLX-SLNs were lyophilized using a freeze-dryer
(TFD5503, Ilshin Biobase Co., Ltd. Gyeonggido, Republic of Korea)
without a cryoprotectant to avoid its interrupting peaks in the solid
state characterization. For DSC analysis, samples (5−10mg) were
melted in aluminum pans over a heating rang of 0−250 °C increased at
a rate of 10 °C/min.

2.6. Powder X-ray diffractometry (PXRD)

The crystalline behavior of lyophilized DLX-SLNs and their in-
dividual solid components (DLX, stearyl alcohol and Poloxamer 188)
was investigated by using a powder X-ray diffractometer (D8 Advance-
Bruker, Billerica, MA, USA). For this purpose, samples were scanned
over 2θ range of 3˚-70˚ at a rate of 0.02˚/s, with a 40mA current and
40 kV voltage [25].

2.7. Fourier transform infrared spectroscopy (FTIR)

The molecular vibrations of lyophilized DLX-SLNs and their in-
dividual solid components (DLX, stearyl alcohol and Poloxamer 188)
were monitored with an attenuated total reflectance Fourier transform
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infrared spectrophotometer (Eco Alpha II- Bruker, Billerica, MA, USA).
The samples were placed on a diamond ATR crystal and infrared
transmission spectra were recorded over the wave number range of
4000−400 cm−1 at a resolution of 4 cm−1.

2.8. In vitro release study

The dialysis membrane diffusion technique was used to investigate
the in vitro release of DLX from DLX-SLNs with phosphate buffer saline
(PBS, pH 7.4) as a release medium [23]. DLX-SLNs or DLX dispersion
(equivalent to 5mg of DLX) was added to a presoaked dialysis mem-
brane having molecular cut-off weight of 3500 Da (Spectrum Labora-
tories, Inc., Rancho Dominguez, CA, USA). The dialysis membranes
were submerged in 500mL of the release medium supplemented with
0.1 % Tween 80 as a solubilizing agent, and maintained at 37 ± 0.5 °C
with constant stirring at 100 rpm. At predetermined time intervals, an
aliquot of 2mL was obtained from the release medium for 24 h and
analyzed with a UV–vis spectrophotometer at 288 nm to determine the
amount of DLX released. The total volume of the release medium was
kept constant throughout the experiment by instantly replenishing with
same amount of PBS after obtaining the samples.

2.9. In vivo antidepressant activity of DLX-SLNs

2.9.1. Animals
The in vivo antidepressant activity of DLX-SLNs was investigated in

male Sprague Dawley rats (200 ± 20 g) obtained from the National
Institute of Health (Islamabad, Pakistan). The study animals were
provided with sufficient food and water and acclimatized with the

standard laboratory environment having temperature and relative hu-
midity maintained at 25 ± 0.5 °C and 40–60 %, respectively. All ex-
perimental protocols on animals were in line with the NIH policy and
animal welfare act, and were duly approved by the Institutional
Research and Ethics Committee of Riphah Institute of Pharmaceutical
Sciences.

2.9.2. Experimental design
The antidepressant activity of DLX-SLNs was evaluated in LPS-in-

duced depressive-like animal model [26]. For this purpose, rats were
randomly divided into four groups (n=5) including normal group (was
not challenged with LPS and received normal saline), control group
(challenged with LPS and did not receive any treatment), DLX disper-
sion group (challenged with LPS and treated with DLX dispersion) and
DLX-SLNs group (challenged with LPS and treated with DLX-SLNs).
Normal saline at a dose of 2mL/kg and DLX dispersion or DLX-SLNs at a
dose equivalent to 30mg/kg of DLX were administered to respective
groups by a daily intraperitoneal injection for 14 days. Additionally,
rats in control, DLX dispersion and DLX-SLNs groups received LPS
(500 μg/kg) on alternate day for a period of 14 days. The animals were
subjected to a pretest and behavioral analysis on day 15 and 16, re-
spectively. Blood samples were then collected from rats via cardiac
puncture and centrifuged at 3000 g for 15min to separate plasma. After
blood collection, each rat was sacrificed and brain was removed by
decapitation and rinsed with normal saline. Plasma and brain samples
were stored at -30 °C until further analysis. The diagrammatic illustra-
tion of experimental design in LPS-induced depressive-like model is
shown in Fig. 1.

Table 1
Composition and physicochemical properties of DLX-SLNs.

Composition (mg) Physiochemical properties

Formulation SA P 188 Tw 80 DLX PS (nm) PDI ZP (mV) IE (%) LC (%)

F1 10 2.5 35 5.0 463 ± 8.3 0.80 ± 0.23 −14.0 ± 0.8 81.0 ± 1.2 7.7 ± 0.1
F2 10 5.0 50 5.0 219 ± 3.9 0.40 ± 0.02 −10.0 ± 1.1 82.0 ± 2.2 5.9 ± 0.2
F3 10 7.5 40 5.0 114.5 ± 2.0 0.29 ± 0.03 −18.2 ± 1.8 80.0 ± 4.16 6.4 ± 0.3
F4 10 7.5 30 5.0 177 ± 1.3 0.25 ± 0.40 −16.0 ± 0.9 87.0 ± 3.2 8.3 ± 0.3
Blank 10 7.5 40 – 103 ± 2.1 0.12 ± 0.09 −12.4 ± 1.3 – –

SA; stearyl alcohol, P 188; Poloxamer 188, Tw 80; Tween 80, DLX; duloxetine, PS; particle size, PDI; polydispersity index, ZP; zeta potential, IE; incorporation
efficiency, LC; loading content.
Data are expressed as the mean ± S.D. (n=3).

Fig. 1. Diagrammatic illustration of in vivo study design showing experimental groups, number of animals, treatment schedule and analysis performed in LPS-induced
depressive-like model.
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2.9.3. Behavioral analysis
The behavioral analysis of rats was conducted by using forced swim

and tail suspension tests. Forced swim test was performed in a glass
cylinder (21× 21×50 cm) filled with water up to 35 cm and main-
tained at 24 ± 1 °C [27]. Each rat was subjected to a pretest by placing
it in the cylinder for 15min and then allowed to dry at room tem-
perature. On the next day, each rat was placed again in the cylinder for
5min under the same conditions and immobility time was measured.
Immobility was marked by the absence of movement to escape and float
in water or making efforts other than those to keep its head above water
level. Water was changed after each swim to avoid behavioral changes
due to contamination.

Tail suspension test was performed by suspending the rat by its tail
using adhesive tape thereby holding it 50 cm above the ground [28].
Climb stopper was placed around the tail to prevent rat from grabbing
onto its tail. Immobility time, characterized by the absence of escape
behavior, was measured for each rat over a period of 6min.

2.9.4. Quantification of BDNF concentrations in plasma and brain samples
The concentration of BDNF in plasma and brain samples obtained

from rats after behavioral studies was determined by ELISA. For this
purpose, cortices were separated from brain samples, homogenized
with PBS, centrifuged at 3000 g for 15min and supernatant was col-
lected. Finally, BDNF concentration in plasma and brain supernatant
was determined by using its respective rat ELISA kit (Elabscience,
Wuhan, Hubei, China), according to the manufacturer’s instructions.

2.9.5. Immunohistochemical evaluation
For measuring the expression of TNF-α and COX-2 by im-

munohistochemistry, brain tissues from separate rats (n= 5 for each
group) were isolated and kept in 4% paraformaldehyde solution for
fixation. The preserved brain tissues were embedded in paraffin, sliced
into 5 μm sections and mounted on the slides. Brain sections were then
deparaffinized with xylene and rehydrated with a series of ethanol
concentrations (100, 90, 80 and 70 %) followed by washing with dis-
tilled water and PBS. Antigen retrieval was performed with protein
kinase and incubated in hydrogen peroxide. The sections were subse-
quently blocked by using 5% serum and incubated overnight with re-
spective primary antibody. After 12 h, the slides were treated with the
secondary antibody for 2 h and then with ABC reagents (Standard
Vectastain ABC Elite Kit; Vector Laboratories, Burlingame, CA, USA) for
1 h at ambient temperature. The slides were subsequently washed with
PBS and stained with 3, 3′-Diaminobenzidine tetrahydrochloride solu-
tion followed by washing distilled water, dehydrating with a series of
ethanol concentrations (70, 90 and 100 %) and fixing in xylene. The

slides were finally cover-slipped with mounting media and observed
under light microscope (Olympus Corporation, Tokyo, Japan) con-
nected to digital photomicroscopy system. Images were captured and
visually observed for the expression of TNF-α and COX-2. The expres-
sion of TNF-α and COX-2 in the cortical region of brain was quantified
with ImageJ software by analyzing the images adjusted to their
threshold intensities. The relative integrated density of each sample was
determined relative to normal [29].

2.10. Statistical analysis

All the experiments included in this study were performed at least in
triplicate and results are displayed as the mean ± standard deviation
(S.D.). Student’s t-test was applied to calculate statistical significance
among the groups at the probability level of p less than 0.05 by using
SPSS software (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Optimization and physicochemical properties of DLX-SLNs

In this study, DLX-SLNs were successfully prepared by using a well-
known nano-template engineering technique and optimized with dif-
ferent ratios of stearyl alcohol as a solid lipid and Poloxamer 188 and
Tween 80 as a surfactant mixture. The chemical structures of DLX,
stearyl alcohol, Poloxamer 188 and Tween 80 are presented in Fig. 2A.
The amount of stearyl alcohol and DLX was fixed at 10 and 5mg, re-
spectively. On the other hand, Poloxamer 188 and Tween 80 ratios
were varied as 2.5/35, 5/50, 7.5/40 and 7.5/30 (w/w) to produce a
stabilizing layer with hydrophilic-lipophilic balance (HLB) values of
15.9, 16.2, 17.2 and 17.8, respectively. The composition and physico-
chemical properties of DLX-SLNs are presented in Table 1. DLX-SLNs
were optimized on the basis of average particle size, PDI, zeta potential
and incorporation efficiency. Particle size and PDI of DLX-SLNs sub-
stantially decreased (463 nm and 0.8 vs. 114.5 nm and 0.29), and zeta
potential increased (-14 vs. -18.2mV) as the HLB value of the system
increased from 15.9 to –17.2. Further increase in the HLB value of DLX-
SLNs to 17.8 (F4) resulted in an increase in their particle size up to
177 nm, accompanied by an increase in the incorporation efficiency (87
%). Despite of the slightly higher incorporation efficiency at HLB of
17.8 (F4), DLX-SLNs with HLB value of 17.2 (F3) was selected as an
optimized formulation due to its optimal particle size, PDI, surface
charge and sufficient incorporation efficiency. The optimized formula-
tion, F3, with stearyl alcohol/Poloxamer 188/Tween 80/DLX with 10/
7.5/40/5 ratio (w/w) was therefore evaluated for physicochemical

Fig. 2. Chemical structures (A) of DLX (a), stearyl alcohol (b), Poloxamer 188 (c) and Tween 80 (d), particle size distribution curve (B) and TEM image (C) of DLX-
SLNs.
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properties, in vitro drug release and in vivo antidepressant activity.
The physicochemical characteristics of nanoparticles play a vital

role in the efficient brain delivery by affecting their ability to penetrate
the BBB. The optimized DLX-SLNs formulation (F3) displayed nano-
metric particle size of 114.5 nm accompanied with a low PDI value
(0.29) and a unimodal particle size distribution curve (Fig. 2B). In
addition, DLX-SLNs exhibited negatively charged surface as indicated
by the zeta potential value of -18.2mV. DLX-SLNs showed high drug
incorporation efficiency and loading content of 80 % and 6.4 %, re-
spectively. TEM image of the optimized DLX-SLNs revealed spherical
and uniform shape with smooth surface morphology (Fig. 2C). TEM
image of DLX-SLNs also showed a particle size of around 100 nm,
consistent with the results of photon correlation spectroscopy. Taken
together, DLX-SLNs possessed optimum physicochemical properties
required for nano-formulations and efficient brain delivery. Further-
more, stability of the optimized DLX-SLNs was assessed by measuring
changes in the physicochemical properties for 8 weeks after storage at
refrigerator condition (4 °C). DLX-SLNs retained their physicochemical
properties as no significant changes were observed in particle size, PDI,
zeta potential, incorporation efficiency and loading content for 8 weeks
(Table 2). These results demonstrated excellent storage stability of DLX-
SLNs for 8 weeks at 4 °C.

3.2. Solid state characterization of DLX-SLNs

The thermal phase transitions of lyophilized DLX-SLNs, blank SLNs
and their individual solid ingredients were monitored by DSC to in-
vestigate polymorphic changes and DLX-lipid interaction. DSC curves of
DLX (a), stearyl alcohol (b) and Poloxamer 188 (c) exhibited sharp
endothermic peaks about 171.8 °C, 60 °C and 56 °C at their respective
melting temperatures (Fig. 3A). In contrary, thermal peaks of stearyl
alcohol appeared at slightly lower temperatures between 46−50 °C in
the thermograms of blank SLNs (d) and DLX-SLNs (e). Moreover, the
sharp endothermic peak of DLX disappeared in DLX-SLNs (e).

The degree of crystallinity of lyophilized DLX-SLNs, blank SLNs and
their solid ingredients were further investigated by PXRD (Fig. 3B). The
diffractograms of DLX (a) displayed a number of distinct crystalline
peaks at angles of 18.7˚, 20.5˚, 21.6˚ and 23.4˚. Likewise, indicative
crystalline peaks were demonstrated at 16.1˚, 17.1˚, 19.8˚ and 23.5˚ for
stearyl alcohol (b), and at 19.3˚ and 23.5˚ for Poloxamer 188 (c).
However, stearyl alcohol showed small humps (instead of sharp

crystalline peaks) of reduced intensity between 20−22˚ in the PXRD
patterns for blank SLNs (d) and DLX-SLNs (e). The characteristic peaks
of DLX were also missing in the diffractogram of DLX-SLNs.

The molecular interactions of DLX with formulation ingredients in
DLX-SLNs were studied with FTIR spectroscopy, and the results are
presented in Fig. 3C. FTIR spectrum of DLX (a) revealed characteristic
CeH stretch at 2965 cm−1, CeOeC stretch at 1217 cm-1 and multiple
peaks for aromatic groups (1577 – 1097 cm−1). The distinct alcoholic
(−OH) stretching vibration was observed at 3332 cm−1 along with
peaks for long alkyl chain at 1472 and 1067 cm−1 in stearyl alcohol (b),
while Poloxamer 188 (c) exhibited −OH stretching vibration at
2889 cm−1. In contrary, the distinct DLX peaks were missing in FTIR
spectra of blank SLNs (d) and DLX-SLNs (e). Collectively, the results of
solid state characterization corresponded well with each other.

3.3. In vitro release of DLX from DLX-SLNs

The in vitro release of DLX from DLX-SLNs for 24 h is presented in
Fig. 4. DLX release rate from DLX-SLNs was slightly fast for the initial
2 h (20.8 %) with a subsequent slow and sustained drug release
reaching 52.9 % at 24 h. On the other hand, the DLX dispersion reached
94 % after 8 h with 51 % of DLX release within 2 h, indicating a much
faster release than DLX-SLNs. In comparison, only 31.6 % drug release
was observed from DLX-SLNs in 8 h. These results suggest the prolonged
DLX release from DLX-SLNs without a prominent initial burst release.

3.4. Immobility time in behavioral despair tests

The immobility time was monitored as a measure of LPS-induced
depressive behavior in rats and the effectiveness of DLX-SLNs.
Immobility is a state of behavioral despair and used as an indicator of
depression. The effects of DLX-SLNs treatment on immobility time in
forced swim test are presented in Fig. 5A. The results indicated that
DLX-SLNs substantially reduced the immobility time (143.4 ± 3.5 s)
compared to control (210.6 ± 12.6 s) and DLX dispersion-treated rats
(187.4 ± 4.8 s). The immobility time of DLX-SLNs group was com-
parable to that of rats in normal group (147.2 ± 12.3 s). Likewise,
DLX-SLNs-treated rats exhibited significantly decreased immobility
time (126.8 ± 5.3 s) in the tail suspension test in comparison with
control (226.8 ± 3.0 s) and DLX dispersion-treated (157.4 ± 9.7 s)
groups (Fig. 5B). The results of forced swim and tail suspension tests

Table 2
Storage stability of DLX-SLNs for 8 weeks at 4 °C.

Week Particle size
(nm)

PDI Zeta potential
(mV)

Incorporation efficiency
(%)

Loading content
(%)

0 114.5 ± 2.0 0.29 ± 0.03 −18.2 ± 1.8 80.0 ± 4.2 6.4 ± 0.3
1 113.3 ± 3.7 0.28 ± 0.03 −18.5 ± 1.2 79.8 ± 3.5 6.4 ± 0.3
2 114.9 ± 4.8 0.28 ± 0.02 −18.3 ± 0.9 79.2 ± 5.1 6.3 ± 0.4
4 116.8 ± 5.2 0.29 ± 0.03 −18.1 ± 1.4 78.7 ± 4.3 6.3 ± 0.3
6 117.5 ± 4.1 0.28 ± 0.01 −17.8 ± 2.1 78.4 ± 4.9 6.3 ± 0.4
8 119.1 ± 6.7 0.30 ± 0.02 −17.9 ± 0.8 77.6 ± 3.7 6.2 ± 0.3

Data are expressed as the mean ± S.D. (n=3).

Fig. 3. DSC thermograms (A), PXRD diffractograms (B) and FTIR spectra (C) of DLX (a), stearyl alcohol (b), Poloxamer 188 (c), blank SLNs (d) and DLX-SLNs (e).
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suggest enhanced in vivo antidepressant activity of DLX-SLNs.

3.5. Effect of DLX-SLNs on BDNF concentrations

In vivo antidepressant activity of DLX-SLNs was further evaluated by
measuring BDNF concentrations in plasma and prefrontal cortex. The
results showed that chronic administration of LPS in control group
significantly reduced BDNF concentration in plasma and brain com-
pared to normal group. As shown in Fig. 6A, DLX-SLNs treatment re-
sulted in 3.58- and 1.67-fold increase in plasma BDNF concentration
(515.6 ± 39.7 pg/mL) compared to control (143.8 ± 10 pg/mL) and
DLX dispersion (308.8 ± 5.9 pg/mL). The brain BDNF concentration of
DLX-SLNs group (599.0 ± 91.6 pg/mL) was also 1.68- and 1.42-times
higher than that of control (355.9 ± 25 pg/mL) and DLX dispersion-
treated (428.8 ± 38.4 pg/mL) group, respectively (Fig. 6B). It is no-
teworthy to mention that plasma and brain BDNF concentrations after
DLX-SLNs treatment were comparable to normal rats
(599.7 ± 95.2 pg/mL in plasma and 646.1 ± 122.6 pg/mL in brain).
From the results, DLX-SLNs successfully improved BDNF concentrations
in LPS-induced depressive-like model. These findings are in consistent
with those obtained in the behavioral despair tests.

3.6. Effects of DLX-SLNs on TNF-α and COX-2 expression in brain

The effects of DLX-SLNs-treatment on LPS-induced neuroin-
flammation were evaluated by determining the expression levels of
TNF-α and COX-2 in brain. The immunohistochemical micrographs
showed that LPS administration substantially increased the

immunolabelling for TNF-α and COX-2 in brain tissues of control rats
(Fig. 7A). DLX-SLNs attenuated immunopositivity for inflammatory
factors, TNF-α and COX-2, in brain while control and DLX dispersion
groups retained their immunopositivity. As presented in Fig. 7B and 7C,
the relative integrated density of TNF-α and COX-2 in brain was also
significantly reduced by DLX-SLNs (1.9 ± 0.5 and 2.6 ± 0.4) com-
pared to control (7.8 ± 1 and 6.9 ± 0.6) and DLX dispersion
(7.4 ± 1.2 and 6.6 ± 1). Similarly, DLX-SLNs reduced the number of
cells expressing TNF-α and COX-2 in brain more efficiently than DLX
dispersion (Table 3). From the results, the enhanced antidepressant
activity of DLX-SLNs in LPS-induced depressive model was associated
with a remarkable suppression of pro-inflammatory cytokines in the
frontal cortex of brain.

4. Discussion

SLNs, comprised of a solid lipid core and a surfactant shell, have
extensively been utilized to tune basic features of the incorporated
drugs including their physicochemical properties and biological re-
sponses [21]. SLNs are well-tolerated in vivo since they are composed of
biocompatible, biodegradable and non-toxic lipids, and surfactants of
GRAS (generally regarded as safe) category such as Tween 80, Span 80
and Poloxamer 188. One of the key advantage of SLNs is their inherent
ability to penetrate BBB because of their small particle size and lipo-
philic nature, which makes SLNs an ideal carrier for drug delivery into
the brain [22]. In the current study, we developed DLX-SLNs and in-
vestigated their potential for enhanced in vivo antidepressant activity of
DLX. Nano-template engineering technique was successfully utilized to
prepare DLX-SLNs by using stearyl alcohol, Poloxamer 188 and Tween
80 as formulation ingredients. This particular technique involves the
formation of o/w micro-emulsion which acts as a precursor and pro-
duce SLNs upon rapid cooling [30]. Stearyl alcohol, a saturated fatty
alcohol containing 18 carbons with melting point of 59.8 °C, was used
to form lipid core of DLX-SLNs. The lipid core with a melting point
above body temperature has been reported to provide high incorpora-
tion efficiency and sustained drug release due to the firm hydrophobic
interaction [23]. In addition, a combination of Poloxamer 188 and
Tween 80 was used to form a miscible surfactant shell to stabilize the
lipid core of DLX-SLNs. The cumulative HLB value of the surfactant
system is an important factor to achieve optimal physicochemical
properties of SLNs, with HLB of ≥ 15.5 being the most suitable to
stabilize fatty alcohols lipid cores [19,31]. Therefore, the ratio of Po-
loxamer 188 and Tween 80 was changed to obtain HLB value between
15.5−18. DLX-SLNs with HLB of 17.2 (F3) exhibited optimal particle
size (114.5 nm), PDI (0.29), zeta potential (-18.2 mV) and incorporation
efficiency (80 %). The physicochemical properties of nanoparticles

Fig. 4. In vitro release profiles of DLX-SLNs in phosphate buffer saline (pH 7.4)
for 24 h at 37 °C. Data are expressed as the mean ± S.D. (n= 3).

Fig. 5. Effects of DLX-SLNs on the immobility time in forced swim test (A) and tail suspension test (B) in LPS-induced depressive-like model. Data are expressed as the
mean ± S.D. (n= 5). *p < 0.05 versus LPS control and DLX dispersion.
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have been demonstrated to greatly influence their brain delivery [32].
Nanoparticles with particle size of around 100 nm are the most desir-
able for enhancing permeability across the BBB [33]. The homogeneity
of optimized DLX-SLNs was confirmed by a low PDI value and unimodal
size distribution curve. Furthermore, negative zeta potential value
(-18.2 mV) of DLX-SLNs and steric hindrance provided by Poloxamer

188 and Tween 80 would not only ensure colloidal stability, but also
improve brain permeability without compromising the structural in-
tegrity of BBB [34]. DLX-SLNs exhibited adequately high incorporation
efficiency to reduce the injection volume for intraperitoneal adminis-
tration to rats in the experimental model. The storage temperature and
formulation composition are important parameters to ensure the phy-
sical stability of SLNs as they affect particle growth, gelation tendency
and drug retention [35,36]. The excellent storage stability of DLX-SLNs
could be attributed to low refrigerator temperature (4 °C) together with
electrostatic repulsion and steric stabilization imparted by Poloxamer
188 and Tween 80. It has been reported that higher temperatures and
inadequate surface coverage by surfactant shell are detrimental for lipid
nanoparticles stability [37]. The most common consequences of SLNs
destabilization are increase in particle size and PDI, and reduction in
zeta potential and drug incorporation efficiency. Higher storage tem-
perature escalates the kinetic energy leading to increased collision be-
tween SLNs and decreased microviscosity with the resultant particle
destabilization and aggregation [38,39]. The combined use of Polox-
amer 188 and Tween 80 might also have contributed to the physical
stability of DLX-SLNs. Surfactant mixture produces mixed films at the

Fig. 6. BDNF concentrations in plasma (A) and brain (B) of normal, control, DLX dispersion and DLX-SLNs-treated rats. Data are expressed as the mean ± S.D.
(n=5). *p < 0.05 versus LPS control and DLX dispersion.

Fig. 7. Immunohistochemical micrographs of
brain representing the expression of TNF-α and
COX-2 (A), and the effects of DLX-SLNs on re-
lative integrated density of TNF-α (B) and
COX-2 (C) in brain. Arrows in the micrographs
indicate positive immunostaining for TNF-α
and COX-2. For relative integrated densities,
data are expressed as the mean ± S.D.
(n=5). *p < 0.01 versus LPS control and DLX
dispersion.

Table 3
Effects of DLX-SLNs on the number of cells expressing TNF-α and COX-2 in the
brain of LPS-induced depressive-like rat model.

Group Cell counts

TNF- α COX-2

Normal 63.7 ± 12.1 72.3 ± 34.7
Control 494.3 ± 67.0 501.3 ± 39.8
DLX dispersion 471.0 ± 76.7 476.3 ± 69.5
DLX-SLNs 123.3 ± 30.0* 186.7 ± 26.2*

Data are expressed as the mean ± S.D. (n=5). *p < 0.01 versus LPS control
and DLX dispersion group.
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interface with better surface coverage of lipid particles and increased
viscosity thereby preventing fusion of film layers after particle collision
[37,39]. Contribution from all these factors resulted in excellent storage
stability of DLX-SLNs at 4 °C.

The incorporation efficiency and drug release behavior from SLNs
are largely influenced by the phase transition of drug and lipid during
preparation. As observed in DSC thermograms, sharp melting en-
dotherms of individual DLX and stearyl alcohol indicated their crys-
talline nature. The conversion of native crystalline DLX to amorphous
state and its complete solubilization in stearyl alcohol matrix resulted in
the disappearance of DLX endothermic peak in DLX-SLNs [17]. Fur-
thermore, the melting point of stearyl alcohol was reduced and melting
range was broadened in blank SLNs and DLX-SLNs compared to bulk
lipid. These changes in the melting endotherms could be ascribed to the
less ordered crystal arrangement of lipid core in SLNs and small size
effect, thereby requiring lower energy to melt than that of a perfect
crystal lattice [40]. The loss of DLX crystallinity and reduction in the
crystalline nature of stearyl alcohol matrix was also observed in PXRD
patterns of DLX-SLNs, as evidenced by vanished DLX peak and dimin-
ished intensity of lipid peak. The successful incorporation of DLX into
the stearyl alcohol core of DLX-SLNs was also supported by the FTIR
spectra. In addition, no significant chemical interaction existed between
the drug and formulation ingredients.

In vitro release profile of DLX-SLNs suggested a slow and sustained
pattern, which has clinical significance in minimizing administration
frequency and dose. Despite the relatively fast release rate in the initial
2 h, a profound “burst release” of DLX was not observed from DLX-
SLNs. The initial fast release rate could be attributed to the diffusion of
a small portion of loosely attached DLX at or near the surface of DLX-
SLNs into release medium [41]. In the second phase of drug release,
DLX-SLNs demonstrated a continuous and prolonged DLX release for
24 h which could be explained by immobilization of DLX in the lipid
matrix due to strong hydrophobic interactions [42]. In addition to slow
diffusion of DLX and gradual erosion of lipid core, hydrophilic surfac-
tant shell of Poloxamer 188 and Tween 80 might also contribute to
hinder drug release by serving as a mechanical barrier [43]. It is worth
mentioning that the stearic stabilization effect of Poloxamer 188 could
also play a crucial role in preventing rapid degradation of lipid matrix
by lipolytic enzymes, thereby prolonging DLX release in physiological
environment [43].

Our findings indicated enhanced in vivo antidepressant activity of
DLX-SLNs in LPS-induced depressive model. LPS is widely utilized to
induce depressive-like behavior in rodents characterized by cognitive
impairment, decreased BDNF concentrations and elevated pro-in-
flammatory cytokines levels [5]. LPS-induced immobility in the in-
escapable circumstances of forced swim and tail suspension tests re-
flects behavioral despair, and reduction of immobility time by DLX-
SLNs evidenced its superior antidepressant effects [44]. BDNF as a
member of neurotrophic factors plays a crucial role in the neuronal
survival, proliferation, differentiation and plasticity [45]. The clinical
findings suggest that regulation of BDNF expression in brain could
contribute to the pathophysiology and treatment of depression [6]. It
has been reported that BDNF expression in the prefrontal cortex and its
concentration in plasma is reduced in depressed patients [46,47].
Furthermore, a positive correlation has been found between plasma
BDNF concentrations and brain BDNF levels in a number of animal
species [48]. Our results demonstrated elevation in plasma and brain
BDNF concentrations after treatment with DLX-SLNs, thereby im-
proving behavioral functions by stabilizing neuronal plasticity. Our
findings are consistent with the previous reports where repeated DLX
administration increased BDNF levels in rats [45]. DLX-SLNs exhibited
a substantial reduction in the expression of inflammatory parameters
which could be linked to decreased depression. Growing evidence
suggests the association of depression with increased oxidative stress
and increased inflammatory responses [49,50]. It has been reported
that exposure to stressful stimuli or LPS administration result in the

activation of peripheral immune system to release cytokines. These
cytokines are transported to brain, stimulating astrocytes and micro-
glial cells which consequently secrete multiple pro-inflammatory
mediators leading to neuroinflammation and depressive symptoms
[5,51,52]. Increased levels of pro-inflammatory cytokines contribute to
the pathogenesis of depression by interacting with neuroendocrine
function, neurotransmitter metabolism, neural plasticity and behavior
[53]. Studies have shown that depressed patients exhibit prominent
features of inflammation characterized by raised levels of inflammatory
markers such as TNF-α and COX-2 [54,55]. Furthermore, anti-
depressant drugs have been reported to reduce LPS-induced production
of inflammatory parameters [56]. Taken together, our findings suggest
improved antidepressant activity in LPS-induced depressive-like model
which could be ascribed to the effective brain delivery mediated by
DLX-SLNs.

Lipid-based nanoparticles improve brain delivery of drugs by a
number of mechanisms which could explain the enhanced in vivo an-
tidepressant activity of DLX-SLNs. Small particle size, lipophilicity and
large surface area enable SLNs to efficiently deliver the incorporated
drug to the brain by increasing their contact time and drug con-
centration at the BBB surface [24,57]. SLNs could also enhance drug
transport across BBB by facilitating the processes of endocytosis,
transcytosis and opening of endothelial tight junctions [33,58]. In ad-
dition, it has been reported that Tween 80 and Poloxamer 188 assist
nanoparticles in crossing BBB by adsorbing lipoproteins from blood
thereby facilitating receptor-mediated transport into the brain [59].
The inhibition of efflux transport system (particularly P-gp) and
membrane fluidization because of surfactant shell in SLNs also play a
role in improving drug transport across BBB [60]. The combining ef-
fects of these mechanisms might be attributed to enhanced therapeutic
performance of DLX-SLNs in LPS-induced depressive model.

5. Conclusion

In this study, in vivo antidepressant activity of DLX-SLNs was in-
vestigated to reflect their true therapeutic potential in the animal
model. DLX-SLNs significantly reduced depressive behavior in rats
coupled with increased BDNF concentration in plasma and brain com-
pared to DLX dispersion. The inflammatory markers of depression were
also substantially suppressed by DLX-SLNs. These results suggest that
DLX-SLNs could be a promising delivery system for effective brain de-
livery of DLX to treat depression, while avoiding the drawbacks of
conventional formulations.
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