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ABSTRACT
Purpose This study aimed to incorporate ondansetron hy-
drochloride (ODS), a water-soluble drug into nanostructured
lipid carriers (NLCs) to improve the pharmacokinetic proper-
ties of the drug.
Methods NLCs were produced by solvent injection method.
Various parameters of formulation and process were assessed
to enhance the drug incorporat ion in to NLCs.
Physicochemical analyses, in vitro drug release, and pharmaco-
kinetic studies were performed.
Results Entrapment efficiency (EE) of ODS was considerably
improved (>90%) by increasing pH of the aqueous phase.
The use of an appropriate level of liquid lipid resulted in small,
monodispersed NLCs with the enhanced EE and drug load-
ing (DL). The optimized NLCs formulation exhibited particle
size of 185.2 ± 1.9 nm, polydispersity index of 0.214 ± 0.006,
EE of 93.2 ± 0.5%, and DL of 10.43 ± 0.05% as well as an
in vitro sustained-release profile of ODS. Differential scanning
calorimetry and X-ray powder diffraction suggested the
amorphous state of ODS in the NLCs. The pharmacokinetic
study in rats exhibited the sustained-release characteristic of

the optimized ODS-loaded NLCs following subcutaneous ad-
ministration with an extended Tmax and mean residence time
as well as the enhanced systemic exposure compared to the
ODS solution.
Conclusions The ODS-loaded NLCs appear potential for
prolongation of drug action and reduction in dosing frequency.

KEY WORDS entrapment efficiency . nanostructured lipid
carriers . ondansetron hydrochloride . pharmacokinetics . solvent
injection

ABBREVIATIONS
CINV Chemotherapy-induced nausea and vomiting
DL Drug loading
DSC Differential scanning calorimetry
EE Entrapment efficiency
FTIR Fourier transform-infrared spectroscopy
HPLC High performance liquid chromatography
IS Internal standard
LC-MS/MS Liquid chromatography – tandem

mass spectroscopy
MRM Multiple reaction monitoring
MRT Mean residence time
MWCO Molecular weight cut-off
NLCs Nanostructured lipid carriers
ODS Ondansetron hydrochloride
SLNs Solid lipid nanoparticles
TEM Transmission electron microscopy
XRD X-ray powder diffraction

INTRODUCTION

Solid lipid nanoparticles (SLNs) and nanostructured lipid car-
riers (NLCs) are alternative carrier systems to liposomes,
emulsions and polymeric nanoparticles with a potential for
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controlled release of the drug (1,2). They have found wide
applications in parenteral (3), topical (4), and oral delivery
systems (5). By altering the drug physicochemical properties,
SLNs and NLCs could control the biodistribution and phar-
macokinetics of the drug and thereby improve the drug ther-
apeutic performance (6,7). NLCs are regarded as the second
generation of lipid nanoparticles developed by modifications
of SLNs to overcome their limitations (8). NLCs are prepared
from mixtures of solid and liquid lipids, which are still solid at
room and body temperature. Lipids and surfactants used in
NLCs are generally biodegradable with low toxicity (9). The
use of solid and liquid lipids blends creates an imperfect struc-
ture in the NLCs, which enhances the drug loading capacity
and minimizes the drug expulsion during storage (10).

Various methods to prepare SLNs and NLCs have been
studied including high-pressure homogenization, emulsifi-
cation sonification, microemulsion, emulsion/solvent
evaporation, solvent diffusion, and phase inversion (2,11).
These methods relate to several limitations such as the
utilization of sophisticated equipment (e.g., high-shear mix-
er and high-pressure homogenizer), high surfactant con-
centrations, toxic solvent residue, and substantial
dilutions of suspension. Solvent injection, an alternative
method for SLNs and NLCs preparation, was first
reported in 2003 (12) and further investigated in several
studies (13–15). In this method, lipids and drugs are dis-
solved in water-miscible solvents such as ethanol, acetone,
isopropanol, and methanol. The organic phase is rapidly
injected into an aqueous phase with surfactants under con-
tinuous mechanical stirring, leading to the solvents diffu-
sion and SLNs/NLCs formation (16). The advantages of
solvent injection method include easiness of handling,
quick production process, and avoidance of complicated
instruments (11).

Ondan s e t r o n h yd r o c h l o r i d e (ODS ) i s a 5 -
hydroxytryptamine subtype 3 receptor antagonist used for
the prevention of chemotherapy-induced nausea and
vomiting (CINV), common side effects of cancer treatment
(17). ODS has a short plasma half-life (3–6 h) and a low oral
bioavailability (60%) due to the first pass metabolism (18,19).
WhenODS is used for CINVmanagement in cancer patients,
the current formulations might show some limitations. After
oral administration, the drug has a tendency to be discharged
by vomiting, which considerably reduces the therapeutic ef-
fects (20). Following intravenous administration, side effects
such as headache, constipation, and diarrhea are prominent
as a result of the rapidly high drug level in the blood (21). In
addition, patients have to repeat the administration 2–3 times
a day for several days until the end of chemotherapy (18).
Although ODS does not belong to the drugs with a narrow
therapeutic window and the side effects caused by IV admin-
istration may be not serious, the repetition of the administra-
tion together with the side effects could cause discomforts and

tiredness to the patients, who are under chemotherapy. The
sustained-release of the drug could reduce the side effects
caused by the conventional IV injection as well as the dosing
frequency, which help to improve patient compliance.
Therefore, sustained-release parenteral formulations could al-
so be an attractive candidate to solve the recent limitations.

Previously, to overcome these drawbacks, ODS was
formulated into an intranasal drug delivery system with
an increased permeation rate and a prolonged nasal resi-
dence time (22). Transdermal patch containing ODS was
prepared to reduce side effects and provide drug
sustained-release (23). ODS-loaded SLNs/NLCs were also
prepared as sustained-release formulations for nose-to-
brain delivery (10,24). Nasal delivery is a potential ap-
proach for certain drugs like ODS. However, it remains
some limitations, including the mucociliary clearance and
the irritation of the nasal mucosa (25). The low drug re-
tention time was solved to some extent in the previous
studies, but the drug was still needed the frequent admin-
istration (10,22). ODS-loaded SLNs/NLCs that previously
fabricated (10,24) could be used as sustained-release par-
enteral formulations. They would be potential alternatives
to the intranasal formulations. However, SLNs/NLCs
produced in these studies showed a low entrapment effi-
ciency (EE) of 16.0–56.6% and a limited drug loading
(DL) due to the hydrophilicity of ODS. Generally, SLNs
loaded with water-soluble molecules were associated with
the drug leakage to the outer phase during the fabrication
process, resulted in a low DL and EE (16,26). In the pres-
ent study, ODS-loaded NLCs were developed with the
improved EE and DL by assessing various variables of
the preparation process and formulation. Solvent injection
method was selected for the NLCs production. The opti-
mized formulation was aimed to parenteral delivery for
prolonging blood circulation of the drug, which could re-
duce side effects and improve patient compliance.

MATERIALS AND METHODS

Materials

ODS was obtained from Cadila Pharmaceuticals (India).
Tripalmitin was supplied by Tokyo Chemical Industry
(Japan). Phosal® 53MCT (Soybean lecithin 53% and
medium-chain triglycerides) was received from Phospholipid
GmbH (Germany). Polysorbate 80 was purchased from
Sigma-Aldrich (MO, USA). The HPLC grade water and ace-
tonitrile were purchased from Avantor (PA, USA). The Milli-
Q® purification system (Millipore, MA, USA) was used to de-
ionize and purify water. Other analytical grade reagents were
used without further purifications.

138 Page 2 of 12 Pharm Res (2019) 36: 138



Preparation of NLCs

ODS-loaded NLCs were prepared using the solvent injection
method as reported previously (12,16). Briefly, the organic
phase was prepared by dissolving tripalmitin, Phosal® 53
MCT, and the drug (ODS) in ethanol at 70 ± 2°C. The aque-
ous phase consisting of polysorbate 80 in different pH buffers
was pre-heated to a predetermined temperature. The organic
phase was rapidly injected into the aqueous phase using a
hypodermic needle (26-gauge) under magnetic stirring at
600 rpm. The mixture was continuously stirred at 4 ± 2°C
(30 min) for solidification of NLCs followed by sonication for
varying time (2–6 min). Suspension NLCs was lyophilized
using a freeze-drier (8508, Ilshin, South Korea) and stored
in refrigerator for further investigations.

Evaluation of Parameters of Formulation and Process
on ODS-Loaded NLCs Properties

The effects of various parameters of formulation and process
on NLCs properties were evaluated. Each parameter was var-
ied, whereas others were kept constant. The NLCs were char-
acterized for the particle size, PDI, EE, and DL. The prepa-
ration process and formulation variables included the pH of
the aqueous phase (2.0 to 12.0), the temperature of the aque-
ous phase (20 to 70°C) the ratio of aqueous phase volume (Va)
and organic phase volume (Vo) (Va/Vo = 5/1 to 20/1), the
total lipid concentration in organic phase (20–80 mg/ml), the
emulsifier concentration (0–1% w/v), the initial drug added
(6.3–16.7% of the total lipid added), and the sonication time
(0–6 min). Effect of liquid lipid on NLCs was also investigated
by altering the liquid lipid level in the solid lipid-liquid lipid
mixture (0–50%).

Analysis of ODS Using HPLC Method

An HPLC method for ODS quantification was developed
with some modifications from a previous report (23) and val-
idated according to the Q2(R1) ICH guideline. The HPLC
system (1260 Infinity, Agilent Technologies, CA, USA)
consisted of a quaternary pump, an autosampler, and a UV
detector. The Phenomenex® C18 column (5 μm particle size,
250 × 4.6 mm, Phenomenex, CA, USA) was used with the
mobile phase of acetonitrile/0.02 M acetate buffer pH 4.8
(40/60, V/V). The system was operated with a flow rate of
1.0 ml/min, an injection volume of 10 μl, and a detection

wavelength of 310 nm. The chromatographic peaks were
quantified using the OpenLAB Chromatography Data
System version A.02.10 (Agilent Technologies, CA, USA).

Drug Solubility in Water and Buffer Solutions

ODS solubility in water and buffer solutions (pH 2.0–12.0,
0.05 M) was determined using a previously reported method
(27). An excessive amount ofODSwas added towater and buffer
solutions in glass vials, which were sealed and shaken at 25 ±
0.5°C under a speed of 50 rpm for 48 h using a shaking water
bath (HST 205 SW, Hanbaek ST, South Korea). The suspen-
sions were filtered through 0.45 μmmembranes and adequately
diluted with the mobile phase prior to the HPLC analysis.

Characterization of NLCs

Particle Size, PDI, and Zeta Potential

The z-average particle size and PDI of NLCs were deter-
mined by dynamic light scattering (DLS) using a particle size
analyzer (Zetasizer Nano-S90, Malvern Instruments, UK).
The NLCs suspension was diluted with distilled water (10
times) and the size measurement was performed at 25°C using
90-degree scattering optics. Zeta potential of NLCs was mea-
sured using the zeta potential and particle size analyzer
(ELSZ-1000, Photal Otsuka Electronics, Japan) based on the
DLS method at 25°C and a fixed detector angle of 90°.

Determination of EE and DL

The total drug amount in the suspension was determined by
dissolving the sample in methanol at 60°C. It was appropri-
ately diluted with the mobile phase and filtered through
0.45 μm membranes prior to the HPLC analysis. For the
determination of the free drug amount, the NLCs suspension
was added into a centrifugal filter unit (MWCO 10,000,
Amicon® Ultra, Millipore, MA, USA) and centrifuged for
1 h at 14,000 rpm. After centrifugation, the aqueous phase
containing free drug was collected and appropriately diluted
with the mobile phase prior to the HPLC analysis. The drug
loaded amount was determined indirectly by subtracting the
free drug amount from the total drug amount in the suspen-
sion (16,28). The EE and DL were calculated using the fol-
lowing equations:

EE %ð Þ ¼ Total drug amount–Free drug amountð Þ=Total drug amount x 100

DL %ð Þ ¼ Drug loaded amount= Drug loaded amountþ Lipid added amountð Þ x 100
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Differential Scanning Calorimetry (DSC)

DSC analyses were performed using the DSC 8000
(PerkinElmer, MA, USA). An exact amount of samples (1–
5 mg) were placed in aluminum pans with covers and heated
over a temperature range of 30°C to 250°C with a rate of
20°C/min using the Pyris software 11.1.1. The nitrogen
purge was 20 ml/min.

X-Ray Powder Diffraction (XRD)

XRD patterns were obtained using an X-ray diffractometer
(MiniFlex600, Rigaku, Japan) at room temperature with Ni-
filtered CuKα radiation at 15 mA and 40 kV. The 2θ diffrac-
tion angle was 3° - 90° with a scanning rate of 2°/min and a
step width of 0.02°.

Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectra were recorded using an FTIR spectrophotom-
eter (Tensor 27, Bruker, MA, USA). The samples were
scanned 16 times in the range of 500–4000 cm−1 with a res-
olution of 4 cm−1.

Transmission Electron Microscopy (TEM)

After preparation, approximately 20 μL of the NLCs suspen-
sion was dropped onto copper grids. The grids were left for
drying overnight at room temperature. TEM images were
obtained using a Tecnai G2 F30 transmission electron micro-
scope (FEI, OR, USA) at an accelerating voltage of 300 kV.

In Vitro Drug Release

In vitro drug release studies were carried out using the dialysis
bag method as reported previously (6,13) with some modifica-
tions. Lyophilized NLCs were re-suspended in phosphate sa-
line buffer (pH 7.4) at a concentration equivalent to ODS
4 mg/ml. NLCs suspension (1 ml) was added into a dialysis
bag (MWCO 3.5 kDa, Spectra/Por, Spectrum Laboratories,
CA, USA), which was then fixed to a paddle of a dissolution
tester (DST-810, Labfine, South Korea). The dissolution ves-
sels were filled with 200 ml phosphate buffer (pH 7.4, 0.02M)
containing 0.2% polysorbate 80. The drug release studies
were performed at 37 ± 0.5°C with the paddles’ rotating
speed of 50 rpm. Samples were withdrawn at predetermined
intervals, appropriately diluted with the mobile phase and
quantified using the HPLC method. The drug release was
expressed as a percentage of cumulative ODS released.

Pharmacokinetic Study

The animal study was approved by the Animal Care and Use
Committee and carried out following the standard operating
procedures of the Animal Care and Use Guidelines (Gachon
University). Sprague-Dawley male rats (8–9 weeks, 250–
300 g, Nara Biotech, South Korea) were allowed to adjust
to the laboratory environment for 1 week before the experi-
ment and maintained under 12-h light/dark cycles. All the
rats were randomly assigned into two groups (n= 5). The con-
trol group received ODS solution in saline at a dose of
2 mg/kg, prepared aseptically by dissolving ODS in saline
solution. The test group received the optimized ODS-loaded
NLCs formulation at a dose of 4 mg/kg, which was prepared
by re-suspending the lyophilized NLCs in phosphate saline
buffer (pH 7.4). The drug was administered by SC injection
using 26-gauge needles. At 0, 0.5, 1, 2, 3, 4, 6, 8, 12, 24, 36,
48, 72, and 96 h after SC administration, blood samples
(0.25 ml) were collected from tail veins and centrifuged at
14,000 rpm for 15 min at 4°C. The plasma was collected
and stored at −20°C until analysis.

For the drug analysis, granisetron in acetonitrile solution
(20 ng/ml) was used as internal standard (IS). Plasma samples
were left at 4°C for liquefying. After that, 100 μL IS were
added to a microtube containing 50 μL plasma samples for
deproteinization. The tubes were then vortex-mixed in 1 min
and centrifuged at 14,000 rpm for 15 min at 4°C. The super-
natants were collected and injected for LC-MS/MS analysis.

ODS concentration in rat plasma was determined using a
developed LC-MS/MS method with some modifications
from previously reported methods (29,30). The LC-MS/MS
system (Agilent Technologies, CA, USA) consisted of an
electrospray tandem triple quadrupole mass spectrometer
(Agilent 6490 QQQ) coupled with an HPLC system (Agilent
1290 Infinity). The plasma samples were separated on a
reverse-phase column (Synergi 4 μm polar-RP 80A, 150 ×
2.0 mm, Phenomenex, CA, USA) equipped with a guard-
column (SecurityGuard 4.0 × 3.0 mm, Phenomenex, CA,
USA). The column temperature was maintained at 30°C.
The mobile phase was a mixture of 0.1% formic acid and
acetonitrile (40:60, V/V) with a flow rate of 0.2 ml/min under
the isocratic condition for 6-min. The temperature of the
autosampler was 4°C and the injection volume was 2 μL.
Quantification was performed using multiple reaction moni-
toring (MRM). The electrospray ionization (ESI) source was
operated in positive mode. The MRM transitions of m/z
294.1→ 170.0 and m/z 313.1→ 138.1 were applied for
ODS and IS, respectively. Optimization of collision energy
for ODS and IS was 28 and 22 eV, respectively. The cell
accelerator voltages were 7 and 5 V for ODS and IS, respec-
tively. Data acquisition and integration were performed using
the Mass Hunter version A.06.00 software (Agilent
Technologies, CA, USA).
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For descriptive pharmacokinetic analysis, pharmacokinetic
parameters including the peak plasma concentration (Cmax)
and the time to reach Cmax (Tmax) were directly defined from
individual ODS plasma concentration-time profiles. Other
parameters including the half-life (t1/2), the mean residence
time (MRT), the area under the plasma concentration-time
curve from time zero to the last time point (AUClast) and to
infinity (AUCinf) were calculated by the non-compartmental
analysis using WinNonlin 5.0.1 (Pharsight, NC, USA).

Statistics

All experiments were carried out in triplicate except the phar-
macokinetic studies. The data were presented as the mean
values with standard deviations (SDs). Student’s t test was
performed to analyze the data and a value of p< 0.05 was
considered statistically significant.

RESULTS AND DISCUSSION

Formulation of NLCs Using Solvent Injection Method

ODS is a water-soluble drug with the water solubility of 29.5
± 1.0 mg/ml. The most popular procedure to incorporate
water-soluble compounds like ODS to NLCs was double-
emulsion method (31). Besides, other techniques such as cold
high-pressure homogenization, solvent emulsification-evapo-
ration, and solvent emulsification-diffusion were also used
(32). Our study employed the solvent injection method with
ethanol as the water-miscible solvent to prepare ODS-loaded
NLCs. In this method, following the rapid injection of the
organic phase containing ODS and lipids, the solvent quickly
diffused across the interface into the aqueous phase, resulting
in the formation of droplets. The original droplets were bro-
ken into smaller ones as a result of the interfacial pulsation and
turbulence during solvent diffusion (12). Consequently, the
lipid precipitated, and NLCs were formed and stabilized with

an emulsifier. The diffusion rate of the organic solvent into the
aqueous phase is a critical factor affecting the particle size and
the size distribution (12). During the process, the leakage of
ODS to the aqueous phase may occur due to its good water
solubility, resulting in the low EE and DL. Certain studies
have evaluated the effects of several parameters of the solvent
injection method on particle size and polydispersity index
(PDI) of NLCs (12,13). However, their effects on EE and DL
were not considerably studied. Therefore, parameters of for-
mulation and preparation process were evaluated in this study
to improve EE and DL.

Effect of pH of the Aqueous Phase on NLCs

As shown in Table I, the particle size of the NLCs ranged
between 168 and 188 nm with PDI of 0.185–0.214 at pH
from 2.0 to 7.4. The NLCs prepared using distilled water as
the aqueous phase showed a similar particle size (171.4 ±
0.8 nm) and PDI (0.219 ± 0.04). As alkaline buffer solutions
(pH from 8.0 to 12.0) were used as the aqueous phase, the size
and PDI increased significantly. Increasing pH of the aqueous
phase from 2.0 to 7.4 resulted in significant increases in EE
and DL, particularly EE reached 93.2 ± 0.5% at pH 7.4.
Further increases in the pH of the aqueous phase did not show
any significant improvement in EE and DL. These findings
were most likely due to the ODS solubility. As shown in
Table I, ODS has a pH-dependent solubility. The decrease
in solubility of ODS upon the increase in pH of the aqueous
phase resulted in the reduction of ODS leakage and conse-
quently improved EE and DL. These findings were consistent
with a previous report, which pointed that EE of an anti-
proliferative agent increased from 28.2% to 84.3% in SLNs
preparation when the aqueous pH increased from 6.5 to 8.4
(33). Another study also reported that by adjusting the pH of
the aqueous phase from 5.8 to 9.3, EE of procaine hydrochlo-
ride increased from 11.0 to 58.2% (34). The low solubility of
ODS in pH >7.4 resulted in similar EE and DL among the
corresponding NLCs. Therefore, ODS solubility in the

Table I Effect of pH of Aqueous
Phase on NLCs and ODS Solubility pH Particle size (nm) PDI EE (%) DL (%) ODS solubility (mg/ml)

2.0 171.7± 3.4 0.185± 0.004 21.2 ± 2.1* 2.58± 0.25* 31.7± 1.4*

4.0 168.3± 3.3 0.191± 0.023 24.1 ± 1.5* 2.92± 0.17* 1.30± 0.23*

6.0 188.4± 3.7 0.189± 0.027 29.5 ± 4.0* 3.56± 0.46* 1.05± 0.14*

7.4 185.2± 1.9 0.214± 0.006 93.2 ± 0.5 10.43± 0.05 0.041± 0.002

8.0 207.6± 3.8* 0.382± 0.003* 94.8 ± 1.6 10.59± 0.16 0.026± 0.003*

10.0 261.5± 21.9* 0.462± 0.022* 94.7 ± 1.1 10.59± 0.11 0.022± 0.001*

12.0 240.2± 3.0* 0.429± 0.005* 95.0 ± 1.4 10.62± 0.14 0.022± 0.001*

Data are presented as means ± SDs (n=3)
* Significantly different compared with data of pH 7.4 (p<0.05)
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aqueous phase reversely affected EE and DL and was the key
to improve them. The aqueous phase with pH 7.4 was chosen
for further investigations.

Effect of Temperature of the Aqueous Phase on NLCs

Effect of temperature of the aqueous phase on ODS-loaded
NLCs was shown in Table II. The appropriate temperature
for NLCs preparation was 30–40°C, which resulted in NLCs
with the lowest particle size and PDI. The higher particle size
and PDI at a lower temperature (20°C) could be due to the
rapid precipitation of lipids. At higher temperatures (50–
70°C), lipids in the semisolid or melting state could easily
coalesce together to create larger droplets, which explained
for the large particle size and the high PDI. EE and DL de-
creased as the temperature increased. It could be attributed to
the increase in drug solubility at high temperature leading to
an increase in the drug leakage to the aqueous phase. In ad-
dition, at low temperatures, the lipids rapidly precipitated at
the interface between the droplets and the aqueous medium,
which prevented the leakage of the drug (35). Further studies
were conducted with the aqueous phase maintained at 30°C.

Effect of Va/Vo Ratio on NLCs

As shown in Fig. 1(a), decreasing Va/Vo ratio resulted in
increases in particle size and PDI, which could be due to the
reduction in the diffusion rate of the organic solvent. In addi-
tion, a low Va/Vo ratio decreased drug migration to the
aqueous phase, leading to increases in EE and DL
(Table S1). A high Va/Vo ratio was favorable to NLCs with
respect to the particle size and distribution, but it was associ-
ated with the low EE and DL as well as the use of a high
amount of water and surfactant (2). Hence, the Va/Vo ratio
was a crucial factor affecting the NLCs. It should be small to
improve EE and DL but not lower than a critical value to
achieve small and narrow-distributed NLCs (12).
Considering particle size, PDI, EE, and DL, the Va/Vo ratio
of 10/1 was chosen for further investigations.

Effect of Total Lipid Concentration in Organic Phase on NLCs

As shown in Fig. 1(b), the particle size increased as total lipid
concentration in the organic phase increased, which was con-
sistent with previous reports (24,36). As the total lipid concen-
tration varied from 20 to 60 mg/ml, the PDI was not consid-
erably affected, but its further rise to 80 mg/ml significantly
increased the PDI. These results could be attributed to the
increase in viscosity of the organic phase at higher lipid con-
centrations, which consequently reduced the breaking of
droplets into smaller ones (12). The rapid precipitation of lipid
at higher concentrations also prevented drug leakage. In ad-
dition, since the drug/total lipid ratio was constant (12.5%),
the initial drug input increased along with the total lipid,
which consequently led to an increase in EE and DL
(Table S2). Therefore, the total lipid concentration played a
critical role in NLCs preparation. In this study, compared
with the highest lipid concentration (80 mg/ml), the concen-
tration of 60 mg/ml showed a slight reduction in EE and DL,
whereas the particle size and the PDI significantly decreased.
Hence, the lipid concentration of 60 mg/ml was chosen for
further studies.

Effect of Emulsifier Concentration on NLCs

NLCs prepared without emulsifier exhibited a considerable
large size and a high PDI (Table III). The addition of polysor-
bate 80 resulted in significant decreases in particle size and
PDI, indicating the critical role of the emulsifier in the prep-
aration of NLCs. It reduced the interfacial surface tension,
resulting in the formation of initially smaller solvent droplets
at the injection site (12,13). In addition, the emulsifier contrib-
uted to the stability of the droplets and prevented them from
coalescing (24). Increasing polysorbate 80 concentration from
0.1% to 0.5% did not significantly affect NLCs particle size
and PDI. However, its further increase to 1% resulted in a
significant rise in PDI, which was possibly due to the irregular
size reduction of the droplets (13,15,37). The emulsifier con-
centration did not considerably affect EE and DL. Therefore,
in this study, polysorbate 80 could be used at a concentration
of 0.1–0.5% to achieve small particles with a narrow size

Table II Effect of Temperature of
Aqueous Phase on NLCs Temperature (°C) Particle size (nm) PDI EE (%) DL (%)

20 220.2 ± 9.4* 0.597± 0.055* 94.2 ± 0.4 10.54± 0.04

30 185.2 ± 1.9 0.214± 0.006 93.2 ± 0.5 10.43± 0.05

40 189.7 ± 4.6 0.251± 0.019 92.9 ± 0.1 10.40± 0.01

50 195.4 ± 3.1* 0.304± 0.010* 88.1 ± 0.6* 9.92± 0.07*

70 259.0 ± 21.6* 0.512± 0.064* 87.0 ± 0.7* 9.81± 0.08*

Data are presented as means ± SDs (n = 3)
* Significantly different compared with data of temperature 30°C (p<0.05)
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distribution. Further studies were conducted using the lowest
concentration of polysorbate 80 (0.1%).

Effect of Initial Drug Added on NLCs

Increasing the initial drug from 6.3% to 12.5% resulted in
negligible increases in particle size and PDI as shown in
Table S3. However, its further increase to 16.7% led to the
larger particle size and the higher PDI. These findings

suggested the saturation of the drug in the lipid matrix that
may cause the particle aggregation (13). More drug molecules
were entrapped into the lipid matrix upon increasing the ini-
tial drug, which could contribute to the increase in DL. The
EE also increased when the initial drug varied from 6.3% to
12.5%. However, a further rise in the initial drug resulted in a
decrease in EE, which could be due to the higher amount of
drug escaped to the aqueous phase (28). The initial drug of
12.5% was selected for further studies.

Effect of Sonication Time on NLCs

As shown in Table IV, slight decreases in particle size and PDI
were observed when sonication was used. Upon increasing the
sonication time from 2 to 6 min, the particle size was un-
changed. However, long sonication time (6 min) resulted in
a slight increase in the PDI, possibly due to the irregular size
decrease (13). It was found that EE and DL were not affected
by the sonication. Therefore, the sonication time was a minor
factor influencing NLCs with respect to particle size, size dis-
tribution, EE, and DL.

Effect of the Liquid Lipid on NLCs

The optimized parameters of process and formulation were
fixed based on the above results: the aqueous phase (pH 7.4)
with 0.1% polysorbate 80 preheated to 30°C, the Va/Vo
ratio of 10/1, the total lipid concentration of 60 mg/ml, the
initial drug added of 12.5%, and the sonication time of 4 min.
To investigate the effect of the liquid lipid on NLCs, four
NLCs formulations were prepared (Table V). As the liquid
lipid amount increased from 0 to 40%, significant decreases
in particle size and PDI were observed. It could be attributed
to the surfactant action of soybean lecithin (a component of
the liquid lipid) during NLCs preparation (10). In addition,
the presence of medium-chain triglycerides in the liquid lipid
may reduce the viscosity of the lipid blend, increase the diffu-
sion rate of ethanol, and consequently contribute to the for-
mation of smaller droplets (1,38). However, a further increase
in liquid lipid to 50% resulted in the larger particle size and
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Fig. 1 Effect of volume of aqueous phase/ volume of organic phase (Va/Vo)
ratio (a) and total lipid concentration (b) on NLCs.

Table III Effect of Polysorbate 80
Concentration on NLCs Polysorbate 80 (%W/V) Particle size (nm) PDI EE (%) DL (%)

0 238.5± 21.8* 0.542± 0.017* 93.9 ± 0.5 10.51± 0.05

0.1 185.2± 1.9 0.214± 0.006 93.2 ± 0.5 10.43± 0.05

0.2 187.6± 4.8 0.217± 0.011 93.2 ± 0.5 10.43± 0.05

0.5 184.7± 4.3 0.242± 0.012* 92.6 ± 0.5 10.37± 0.05

1 178.6± 1.6* 0.511± 0.065* 93.6 ± 0.1 10.47± 0.01

Data are presented as means ± SDs (n=3)
* Significantly different compared with data of 0.1% polysorbate 80 (p<0.05)

Pharm Res (2019) 36: 138 Page 7 of 12 138



the higher PDI. It was possibly due to the formation of mixed
micelles, liposomes, and other structures when an excess of the
liquid lipid leaked to the aqueous phase (13,28). EE and DL
increased with the liquid lipid level, which could be attributed
to the presence of a lipid mixture with different chain lengths
and structures. This lipid matrix was possibly a disorganized
structure with many imperfections, which could offer more
space for drug molecules (1,39). The optimized ODS-loaded
NLCs was F3 with 40% of liquid lipid.

Characterization of NLCs

The zeta potential of F1, F2, and F3 was approximate
−27 mV (Table V), which provided repulsive interaction
among the nanoparticles. The negative charge could be at-
tributed to the ionization of tripalmitin molecules (31). Zeta
potential of nanoparticles provides information about their
surface properties. In general, colloidal dispersions with a high
zeta potential (absolute value >30 mV) are considered physi-
cally stable. However, the presence of stabilizers could im-
prove the stability of the dispersion although the zeta potential
value was not high (1,37). The TEM image of F3 (Fig. 2a)
showed the spherical particle with a diameter around
200 nm, which was in agreement with the particle size analy-
sis. The size distribution (Fig. 2b) indicated the monodispersity
of the ODS-loaded NLCs.

Figure 2c showed the FTIR spectrum of ODS with peaks
at 3481, 3409 cm−1 (N–H stretching), and 1636 cm−1 (C=O
stretching) (40). Absorption bands of tripalmitin were found at
2914 cm−1 (C-H stretching), 1735 cm−1 (C=O stretching),
and 1177 cm−1 (C-O deformation) (41). The FTIR spectrum

of Phosal® 53MCT exhibited peaks of lecithin at 1738 cm−1

(C=O stretching), 1377 and 1243 cm−1 (C-O stretching). In
the FTIR spectrum of F3, peaks corresponding to N-H
stretching of ODS were shifted and broadened, which could
be due to the electrostatic interaction and hydrogen bonding
between PO2− of lecithin and N-H of ODS (42). No loss of
other functional characteristic peaks or significant peak shift
was observed, suggesting the absence of chemical interaction
between ODS and lipids.

The DSC thermogram of ODS (Fig. 2d) showed a sharp
endothermic peak at its melting point (184.5°C), which sug-
gested the crystalline nature of the drug. A peak at 64.1°C was
observed in the thermogram of tripalmitin, which was the
fusion point of the β form of this lipid (41). The ODS endo-
thermic peak was disappeared in the DSC thermogram of F3,
likely due to the entrapment of ODS within the lipid matrix
and its transformation to the amorphous state. Furthermore,
the endothermic peak of tripalmitin was broadened and slight-
ly shifted, suggesting the formation of lipid amorphous regions
where ODS might be molecularly dispersed (24).

As shown in Fig. 2e, the XRD pattern of tripalmitin exhib-
ited a crystalline diffractogramwith numerous intense peaks at
4.4, 6.6, 7.4, 13.1, 17.5, and 24.1°. Pure ODS showed peaks
at 12.3, 16.9, 23.1, 24.1, and 27.9° in its XRD pattern, sug-
gesting the high crystallinity of the drug (40). In the
diffractogram of F3, all the characteristic peaks of tripalmitin
and ODS disappeared or reduced their intensity. These find-
ings were consistent with the DSC results, confirming the
amorphous state of ODS in the NLCs. A small proportion
of tripalmitin andODSmay be still in original crystalline form
as demonstrated by several low-intensity peaks.

Table V Effect of Liquid Lipid Level on NLCs

Formulation code % liquid lipid Particle size (nm) PDI EE (%) DL (%) Zeta potential (mV)

F1 0 479.0 ± 25.0* 0.441± 0.038* 81.2 ± 0.3* 9.21± 0.03* −26.6 ± 0.6

F2 20 212.9 ± 1.9* 0.234± 0.019 83.9 ± 0.6* 9.49± 0.06* −26.7 ± 0.6

F3 40 185.2 ± 1.9 0.214± 0.006 93.2 ± 0.5 10.43± 0.05 −27.2 ± 1.6

F4 50 212.5 ± 15.8* 0.521± 0.020*

Data are presented as means ± SDs (n=3)
* Significantly different compared with F3 data (p<0.05)

Table IV Effect of Sonication Time
on NLCs Sonication time (min) Particle size (nm) PDI EE (%) DL (%)

0 198.3± 1.9* 0.242± 0.002* 93.2 ± 0.5 10.43± 0.05

2 185.8± 2.0 0.227± 0.006 93.2 ± 0.4 10.44± 0.04

4 185.2± 1.9 0.214± 0.006 93.2 ± 0.5 10.43± 0.05

6 185.2± 1.6 0.272± 0.021* 93.4 ± 0.1 10.45± 0.01

Data are presented as means ± SDs (n=3)
* Significantly different compared with data of 4-min sonication (p<0.05)
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In Vitro Drug Release

As shown in Fig. 3, F1 and F2 exhibited similar release patterns
while F3 showed a remarkable improvement in drug sustained-
release. It indicated that an appropriate liquid lipid level in
NLCs could modify the drug release profile. A proper ratio of
the two lipids could form a matrix with less crystallinity to
accommodate more drugs and provide the drug sustained-

release (39). The initial burst release of F3 may be due to the
release of free drug, drug adsorbed on the NLCs surface and
drug located underneath the NLCs stratum (36,37). The slower
and sustained release phase was attributed to the diffusion of
drug entrapped within the imperfect lipid matrix (10,15,24).
Despite the high water solubility of ODS, the existence of lipid
matrix could hinder the drug release from the NLCs, demon-
strating the advantage of drug encapsulation in NLCs (37).

Fig. 2 Characterization of NLCs.
(a) Representative TEM image of
F3, (b) Size distribution of F3, (c)
FTIR spectra of ODS, tripalmitin,
Phosal 53® MCT, and lyophilized
F3, (d) DSC thermograms of ODS,
tripalmitin, and lyophilized F3, (e)
XRD patterns of tripalmitin, ODS,
and lyophilized F3.
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Pharmacokinetic Studies

Parenteral delivery of SLNs/NLCs loaded with drugs has been
studied following IV (43) or SC injection (44). To evaluate the
advantages of NLCs in prolongation of the drug-release, both
IV and SC administration could be used. In the case of the SC
administration, the depot effect offered a new perspective to
prolong the drug detainment in blood circulation (45). It could

help to increase the sustained-release characteristics of the
NLCs. The advantages of NLCs in increasing the circulation
time could be proved through the comparison between the
control solution and the optimized formulation following the
same administration route (SC injection). Therefore, in this
study, the pharmacokinetic evaluation was conducted following
SC administration in rats. The control group received a dose of
2 mg/kg of ODS. Since the optimized NLCs formulation (F3)
was expected to prolong the drug release for 2–4 days, the test
group received a dose of 4 mg/kg.

The average ODS plasma concentration-time profiles in
rats are presented in Fig. 4 and the pharmacokinetic param-
eters are summarized in Table VI. The plasma concentration
of ODS in the control group was initially elevated and quickly
dropped to the baseline level within 12 h with a Tmax of
0.50 h. The MRT was relatively short (3.03 h). It was due to
the rapid distribution and absorption of the drug. In contrast,
F3 exhibited a sustained-release characteristic with the pres-
ence of ODS in blood until 96 h. The Tmax extended to 1.80 h
and the Cmax significantly decreased compared to that of the
control group despite the use of a 2-time higher dose. The
MRT was increased to 43.3 h by about 14.3-fold, compared
with that of the control group. Furthermore, the bioavailabil-
ity of F3 expressed as AUCinf/Dose increased nearly 271% in
comparison with that of the control group. The pharmacoki-
netic results successfully demonstrated that the optimized
NLCs formulation could prolong the release of ODS
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following SC administration in vivo. The rapid release phase of
ODSwithin 24 h could be due to the initial burst release of the
drug distributed on the NLCs surface and underneath the
NLCs stratum (36,37). The prolonged release phase was prob-
ably attributed to the slow diffusion of the drug from the lipid
matrix into the blood and the slow passage and distribution of
NLCs through biological barriers (44). For sustained-release
products, the rapid release phase could sufficiently ensure the
quick achievement of the therapeutic drug concentration in
the blood. In this phase, the ODS release was adequately
controlled as evidenced by its concentration in the blood with-
in the first 24 h without dramatic fluctuations. Compared to
the control solution, the optimized formulation could consid-
erably reduce the high drug level in the blood at the early
state. Therefore, it could reduce side effects that usually occur
in the case of conventional parenteral formulations due to the
high elevation of drug concentration in blood (21). The
sustained-release phase of ODS-loaded NLCs is desirable to
prolong the drug action, reduce dosing frequency, and there-
by enhance patient compliance. The target tissue (brain) dis-
tribution profiles of ODS were not investigated in the present
study and remained one of the limitations. They would be
further evaluated to provide more evidence proving the ad-
vantages of the optimized formulation.

CONCLUSIONS

ODS was successfully incorporated into NLCs using solvent
injection method with the enhanced drug incorporation. The
pH of the aqueous phase was the most critical variable that
could increase EE to >90%. ODS-loaded NLCs showed an
excellent sustained-release characteristic in vitro and in vivo.
The findings of this study suggest the value of the optimized
formulation for clinical applications. It would be potential for

improving CINV management by prolongation of drug ac-
tion and reduction in dosing frequency.
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