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1  Introduction
Lipid nanoparticles are used as an alternative to tradi-

tional carriers such as nanoemulsion, liposomes and poly-
meric nanoparticles for different routes of pulmonary1）, 
oral2）and dermal3）administration. Their advantages include 
biocompatibility, possibility of large-scale production, 
organic solvent free synthesis and controlled drug release4, 5）. 
Over the last two decades, lipid nanoparticles have devel-
oped from first generation of solid lipid nanoparticles
（SLNs）to second generation of nanostructured lipid 
carriers（NLCs）by adding liquid lipid into particles instead 
of using only solid lipid. Liquid lipid interrupts polymorphic 
transformation that is the main cause of drug expulsion 
during storage of SLNs. Therefore, oil contents in NLCs 
play a role in the polymorphic forms of lipid matrix and 
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their performance. 
γ-Oryzanol（GO）is a natural component found in rice 

bran and rice germ. It consists of at least 10 components6）, 
but five major components are cycloartenyl ferulate, 
24-methylene cycloartanyl ferulate, campesteryl ferulate, 
the combination of β-sitosteryl ferulate and cycloartanyl 
ferulate, and sitostanyl ferulate7）. GO is an antioxidant 
compound, which is excellent in inhibiting lipid peroxida-
tion and reducing cholesterol oxidation8）. It is a promising 
ingredient for cosmetic applications. It occurs at up to 10 
times higher than vitamin E in rice bran with significantly 
higher antioxidant activity7, 9）. Moreover, GO acts as a UV-A 
filter that could be used in sunscreen cosmetics10）. Recent-
ly, GO was found in Leum Pua glutinous rice bran. The 
release profile of γ-oryzanol extract was slightly higher 
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than standard γ-oryzanol, although initial amounts of 
γ-oryzanol were similar7）, due to different oil contents in 
the extracts. Study of how oil content influences drug 
release, stability and physiochemical characteristics is im-
portant regarding development of cosmetic products.

In this study, NLCs were prepared using high pressure 
homogenization（HPH）. GO was loaded in NLCs at various 
liquid lipid to solid lipid ratios up to 50％. Characteristics 
of NLCs were investigated by dynamic light scattering
（DLS）to compare particle size distribution and morpholo-
gy using transmission electron microscopy（TEM）and 
atomic force microscopy（AFM）with tapping mode. Crystal-
linity of NLCs was determined using X-ray diffraction
（XRD）and Fourier transform infrared spectroscopy（FTIR）
and compared with differential scanning calorimetry
（DSC）. Comparisons between important pieces of informa-
tion from each technique were noted and discussed.

2  Experimental
2.1  Materials

Cetyl palmitate and caprylic/capric triglycerides were 
purchased from Namsiang Group（Bangkok, Thailand）. 
γ-Oryzanol, Tween80（Polysorbate 80）and Span40（Sorbitan 
monopalmitate）were purchased from Sigma-Aldrich
（Japan）. Methanol, acetonitrile, and isopropanol were pur-
chased from RCI Labscan（Bangkok, Thailand）. Distilled 
water and deionized water were prepared freshly from Au-
tostilTM 8000x（England）and aquaMaxTM-Ultra（Korea）, re-
spectively. Phosphate buffer saline（PBS）pH 5.5 was pre-
pared freshly in the laboratory. All other chemicals were 
commercially available in analytical grade and used without 
further purification.

2.2  Preparation of nanostructured lipid carriers（NLCs）
Nanostructured lipid carriers（NLCs）were prepared by 

hot high-pressure homogenization（HPH）. Lipid phase con-
taining cetyl palmitate as a solid lipid, caprylic/capric tri-
glycerides as a liquid lipid and Span 40 as a lipophilic sur-
factant were melted together at 80℃. The aqueous phase 
containing Tween 80 as a hydrophilic surfactant was 
heated to 80℃ and then added to the lipid phase. The 
mixture was homogenized at 8,000 rpm for 1 min using a 
homogenizer（ULTRA-TURRAX® T25, IKA）. The pre-emul-
sion was continuously heated until temperature reached 
80℃ and then processed by a high-pressure homogenizer
（High Pressure Homogenizer® APV-2000）for 3 cycles at 
500 bar. Obtained NLCs were cooled down under ambient 
conditions to room temperature and 0.2 wt％ of DMDM hy-
dantoin was added as a preservative. Nanoemulsion（NE）
and GO-loaded NLC formulations were prepared in the 
same manner. For NE formulation, only liquid lipid was 
used, whereas for GO-loaded NLC formulations, 1 wt％ GO 

was added to the lipid phase before pre-emulsion prepara-
tion step. NLC formulations were composed of 10 wt.％ 
total lipid contents and 4 wt.％ surfactants. Tween 80 and 
Span 40 were used as co-surfactants at a 1:1 ratio in all ex-
periments. Solid lipid to liquid lipid ratios of NLCs was 
studied at 50:50（NLC55）, 70:30（NLC73）and 90:10
（NLC91）.

2.3  Particle size measurement 
Particle size analysis was performed by Malvern Zetasizer 

Nano-ZS（Malvern Instruments, UK）at a scattering angle of 
173° using folded capillary cell（DTS1060）. Samples were 
prepared by 10 fold dilution with deionized water. Mean 
particle size and polydispersity index（PI）were obtained by 
the average of five measurements and all experiments were 
done in triplicate.

2.4  The morphology determination
Morphology of NLC was observed by TEM（TECNAI T20 

G2, FEI Company, USA）and AFM（SPA400, Hitachi High-
Tech, Japan）using AFM with tapping mode as dynamic force 
microscopy（DFM）. For TEM determination, samples were 
prepared by spreading the sample on a 300-mesh copper 
grid before coating with 2％ uranyl acetate（BDH Chemicals 
Ltd, England）for negative staining. Prepared samples were 
dried under ambient conditions overnight before TEM inves-
tigation. For AFM determination utilized silicon tips（HA_
HR, NT-MDT, Russia）with tip curvature radius of less than 
10 nm, resonant frequency of approximately 230 kHz, and 
17 N/m force constant. Tapping-mode AFM, alternatively 
called dynamic force microscopy（DFM）11, 12）, in which the 
tip oscillated over the sample with transient contact with 
the sample surface at the oscillation bottom, was used. 
Each formulation of appropriate amount was diluted with 
deionized water and subsequently deposited on a clean 
glass substrate. Samples were then air-dried overnight 
prior to imaging. All images were obtained under ambient 
conditions with a slow scan speed of around 0.5 Hz and 
high oscillating amplitude to avoid the tip dragging on the 
sample.

2.5  Differential scanning calorimetry（DSC）
Degree of crystallinity of NLC formulations was per-

formed using a differential scanning calorimeter（DSC Q200 
TA Instruments）. Samples were placed in a 40 μL alumi-
num pan with an empty pan used as a reference. Samples 
were exposed to two cycles of heat and cool by scanning 
from 0℃ to 85℃ at heating rate of 5℃/min and then 
cooling to 0℃ at the same rate. Melting onset temperature, 
melting point temperature, and melting enthalpy were de-
termined. Crystallinity index（％CI）was calculated using 
equation 113）.
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％ CI＝
∆HNLC aqueous dispersion（J⁄g）

∆Hbulk material（J⁄g）×Concentrationlipid phase（％）
×100

 （1）

2.6  X-ray diffraction（XRD）analysis
Polymorphic forms of prepared NLCs were investigated 

using XRD on PANalytical X’Pert PRO（PANalytical, the 
Netherlands）with a copper anode（Cu Ka radiation, 45 kV, 
45 mA, k＝0.154056 nm）at room temperature. NLC disper-
sions were transformed into a paste by mixing with locust 
bean gum powder. Samples were scanned from 3 to 40 with 
a step width of 0.02（0.5 s/ step）and d-spacing values were 
calculated by the Bragg’s equation.

2.7  Fourier transform infrared（FTIR）spectroscopy
Before FTIR determination, NLC samples were lyophilized 

for 24 hours to eliminate water. Then, dry NLC samples 
were blended with KBr and pressed into pallets. Infrared 
spectra of NLC formulations were scanned on a JASCO 
FTIR-6800 spectrometer（Tokyo, Japan）, at 4 cm－1 resolu-
tion with frequency range between 400 and 4000 cm－1.

2.8   Reverse phase high pressure liquid chromatography
（RP-HPLC）

RP-HPLC was performed by using Waters Alliance 2695 
HPLC Separations module（Waters Corporation, Milford, 
USA）, equipped with aWaters® 2489 UV/Visible detector. 
Samples were separated using a Sunfire C18 column with 
4.6×100 mm diameter（3.5 μm）at a flow rate of 0.8 mL/
min and 20 μl injection volume. Total run time for each 
sample was 20 min at a wavelength of 325 nm7）. A mixture 
of acetonitrile, methanol and isopropanol（45:30:25％（v/v））
was used as the mobile phase. Standard GO was prepared 
in drug release medium（phosphate buffer saline（PBS）, pH 
5.5, 50％ isopropanol and 5％ tween80）.

2.9  Drug encapsulation efficiency（％EE）
Encapsulation efficiency（％EE）was indirectly deter-

mined by centrifugal filtration using a centrifugal filter tube
（Amicon® Ultra-15, 30 kDa molecular weight cut-off, Milli-
pore, Ireland）. Four grams of sample were placed into a 
centrifugal filter tube and centrifuged at 5000 g for 30 min 
at room temperature. The supernatant was collected and 
examined for amount of GO by RP-HPLC. Percentage of 
EE（％EE）was calculated by equation 2.

％ EE＝ 
Total amount of drug put in formulation－Amount of unloaded drug in NLC

Total amount of drug put in formulation

×100 （2）

2.10  In vitro release study
Static vertical Franz diffusion cells were used to deter-

mine the amount of GO released from the prepared formu-
lations. GO was diffused through mixed cellulose ester 

membrane filters with pore size diameter of 0.1 μm（Advan-
tec®, Japan）. Surface area of 2.0 cm2 was used as release 
membrane with acceptor medium as a mixture of phos-
phate buffer saline（PBS, pH 5.5）, isopropanol and Tween 
80 at ratio of 50:50:5. The medium was stirred using a mag-
netic bar to avoid concentration differences and minimize 
stagnant layers. Temperature was controlled at 32℃ to 
mimic human skin. Then, 300 µL of NLC formulation were 
loaded onto the membrane in the donor compartment with 
0.5 mL of receptor medium collected at 2, 4, 6, 8, 10, 12 
and 24 hours using a syringe needle and replaced with the 
same volume of freshly prepared receptor medium. Col-
lected samples were analyzed by the RP-HPLC method as 
described previously. Sink conditions were maintained over 
the experiments. The experiments were performed in trip-
licate. Data were presented as mean values±standard de-
viation（SD）.

2.11  Statistical analysis
Data for particle size measurements were presented as 

mean values±standard deviation（SD）. Statistical signifi-
cance of difference was examined using one-way ANOVA 
at probability level of 0.05. The Tukey HSD（Honestly Sig-
nificant Difference）post-hoc test was applied to indicate 
significant differences between the groups at 95％ confi-
dence intervals. 

3  Results and Discussion
3.1  Particle size Analysis

NLC particle size gradually reduced with increasing 
liquid lipid content up to 50％（Table 1）. Mean particle size 
of NLCs decreased from 151.7±1.6 nm to 144.3±2.3 nm 
and 129.3±2.0 nm when increasing liquid lipid contents 
from 10％ to 30％ and 50％, respectively（p＜0.05）. High 
liquid lipid content decreased viscosity inside NLCs, result-
ing in small particles due to low surface tension. However, 
size of nanoemulsion（NE）containing 100％ liquid lipid and 
0％ solid lipid didnot differ from NLCs with 50％ oil 
content. Moreover, the optimal ratio also depended on 
types of liquid lipid. Hu et al.14）found unchanged sizes of 
NLCs if oleic acid（liquid lipid）was less than 15 wt％ but 
significant reduced sizes of NLCs if oleic acid was more 
than 30 wt％. 

Polydispersity index（PI）of all formulations was around 
0.1 with a monodisperse pattern size distribution plot indi-
cating excellent quality of particle dispersion. In general, 
PI ranges from 0 to 1. The lower the PI, the better the 
quality of particle size distribution in suspension with 0.5 
PI as acceptable15）. However, PI value lower than 0.3 have 
also been suggested as optimal16）.
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3.2  Stability study
NLC formulations were stored at 4℃ and at room tem-

perature for 12 weeks to examine stability. Mean particle 
size of GO-loaded NLCs did not change with temperature. 
PI values of all NLC formulations ranged around 0.1-0.2 
throughout the storing period indicating good quality of 
particle dispersion. This result was inconsistent with previ-
ously reported significant changes in particle size when 
NLCs and SLNs were stored at 25℃17）, possibly explained 
by differing qualities of NLC particles. According to the 
mean particles size of around 430 nm reported in literature, 
possibility of aggregation increased when NLCs were 
stored for long time periods17）. Here, NLC formulations had 
mean particle sizes lower than 200 nm, with results 
showing excellent physical stability over 12 weeks. Thus, it 
could be hypothesized that aggregation rarely occurred for 
particle sizes around 200 nm or lower. This assumption was 
supported by results confirming no change in NLC particles 
of around 200 nm stored at room temperature for 3 
months18）. For larger NLC particles, storage at a lower tem-
perature might improve physical stability through reduc-
tion of kinetic energy in the system. However, although 
mean particle size of NE was as small as GO-loaded NLC55 
and did not significantly change over 12 weeks（Table 1）, 
the PI of NE increased slightly faster when stored at room 
temperature compared to 4℃.

Zeta potentials of NLC formulations were around －20 
mV to －30 mV. Zeta potential indicates probable physical 
stability of the colloidal dispersion and can be positive or 
negative. Absolute value presents the degree of repulsion 
between particles in the formulation, resulting in preven-
tion of particle aggregation during storage. Most NLC or 
SLN formulations have a negative value of zeta potential. 
Stable SLN formulations have a zeta potential lower than 
－25 mV, whereas samples with zeta potential of －15 mV 
or higher tend to show gelation phenomena5）. Here, all for-
mulations were stable during storage since zeta potential 
was lower than －15 mV. This result was confirmed by 
mean particle size measured by DLS during storage（Table 
1）. Moreover, non-ionic surfactants can help to prevent ag-
glomeration of NLCs due to steric stabilization15）. For NE 
formulation, zeta potential changed from －24.8±0.7 mV 

to －28.5±1.4 mV and －34.0± 0.7 mV when kept at 4℃, 
whereas it changed to －24.4±0.1 mV and －16.9±0.4 mV 
when kept at room temperature. Therefore, NE formula-
tion should be stored at low temperature for long-term 
storage to decrease kinetic energy of the particles.

3.3  Particle morphology characterization
Morphology of NLC particles was investigated by TEM 

and AFM with tapping mode called dynamic force micro-
scope（DFM）. 
3.3.1  TEM investigation

NLC formulations were prepared by negative staining 
coating before recording TEM images. Quality of prepared 
particles was not the same for three TEM images, display-
ing particles in the range 120-180 nm, and prepared follow-
ing exactly the same procedure（Fig. 1）. This might be due 
to different physical properties of the particles caused by 
disparate amounts of liquid lipid. 

Spherical and anisometric shaped particles were found 
in GO-loaded NLC55 whereas more spherical particles 
were shown by the others. The TEM image of GO-loaded 
NLC55 also displayed some smaller particles around 10-30 
nm（Fig. 1a）. These smaller particles were not detected by 
DLS which can measure particle size down to 0.3 nm but 
did not register these few tiny particles compared to the 
larger majority. These smaller particles should be taken 
into account to better comprehend NLC production.
3.3.2  AFM investigation 

Particle size and morphology of NLC formulations were 
also performed by AFM with the tapping mode（DFM）. To-
pography images and phase images were investigated for 
each sample. However, due to a bury characteristic of NLC 
nanoparticles in the samples prepared using the formulated 
materials, it was nearly impossible to observe the nanocar-
riers. Particle feature could be seen using phase images 
related to elasticity of the particles in the same imaging 
area（Fig. 2）. Based on these images, size of observed par-
ticles mostly ranged between 100 nm and 150 nm, consis-
tent with the DLS results. Any size deviation from this 
range was attributed to the bury characteristic of the 
nanoparticles. Phase images showed that NLC nanoparti-
cles were spherical in shape, especially for GO-loaded 

Table 1　�Mean particle size and polydispersity index（PI）of GO-loaded NLC and NE formulations stored at 
4℃ and room temperature for 12 weeks.

Formulation
Week 0 Particle size (nm)

Particle size 
(nm)

Polydispersity 
index (PI)

4℃ Room temperature
Week 6 Week 12 Week 6 Week 12

GO-loaded NLC55 129.3±2.0 0.105±0.015 135.2±0.6 140.0±0.6 126.7±0.4 124.2±2.3
GO-loaded NLC73 144.3±2.3 0.102±0.037 156.8±5.1 155.0±1.3 142.3±2.8 137.8±1.5
GO-loaded NLC91 151.7±1.6 0.119±0.013 150.2±1.7 152.2±1.1 154.4±1.3 155.9±3.5

GO-loaded NE 132.8±0.3 0.055±0.035 133.3±4.2 130.1±2.2 129.1±0.4 132.8±1.2
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NLC73 and GO-loaded NLC91, whereas some anisometri-
cally shaped particles were also found for GO-loaded 
NLC55, consistent with TEM images. As mentioned previ-
ously, DFM as a tapping-mode AFM maintained less 
contact of the tip and the sample through intermittent 
contact between the sample surface and the vibrating can-
tilever instead of tracing the tip across the sample. Conse-
quently, the sample was less damaged by drag force pulling 
sideways. However, contact was still slightly affected due 
to softer particles of GO-loaded NLC55 compared to other 
formulations. This also made it more difficult to obtain a 
good image for GO-loaded NLC55.

3.4  Differential scanning calorimetry（DSC）investigation
DSC was performed to investigate the degree of crystal-

linity（％CI）and identify the polymorphism of prepared 
NLCs. Bulk cetyl palmitate had a main endothermic peak 
at 50.93℃, and a smaller endothermic peak at around 44℃
（Fig. 3）. In general, a triacylglycerol possesses three poly-
morphic forms as an amorphous α-form, metastable β’- 
form, and stable β-form19）. The α-form is less dense than 
other forms and tends to change to a more stable form to 
reduce the Gibbs free energy of the system. The β’-form is 

an intermediate packing, usually presented since transfor-
mation from α-form to β’-form is faster than crystallization 
of stable β-form without passage through β’-form. There-
fore, the densest packing of stable β-form, which has lower 
Gibbs free energy, will melt at the highest temperature on 
the DSC thermogram followed by β’-form and α-form, re-
spectively. The β’-form normally appears as a shoulder of 
the main melting peak20）. However, in some cases such as 
mixed-acid triacylglycerol, no β-form was found and β’- 
form became the most stable form in the system19）. The 
polymorphic form of all formulations was further confirmed 
by XRD analysis.

Melting onset and melting peak temperature of NLC for-
mulations were shifted toward lower temperature. Melting 
enthalpy decreased due to small particle size with high 
surface area, and presence of surfactants21）. Lipid matrices 
of NLCs should be a less ordered polymorph compared to 
bulk cetyl palmitate for which melting enthalpy was set at 
100％ crystallinity as a reference. The％CI of NLC de-
creased, especially when increasing oil contents in the for-
mulation（Table 2）.

Fig. 1　 TEM images of NLC particles: （a）γ-oryzanol-loaded NLCs with solid lipid to liquid lipid ratio of 50:50（GO-loaded 
NLC55）, （b）70:30（GO-loaded NLC73）, and（c）90:10（GO-loaded NLC91）.

Fig. 2　 DFM phase images of NLC particles at solid lipid to 
liquid lipid ratios of（a）50:50, （b）70:30, （c）90:10 
along with their related 3D views（d）-（f）. Each 
white scale bar is 100 nm long. Fig. 3　 DSC thermogram of drug-free NLC and GO-loaded 

NLC formulations with different solid lipid to liquid 
lipid ratios.
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Normally, the endothermic melting peak of GO occurs at 
around 60-80℃; however, on peak was found on the DSC 
thermogram of GO-loaded NLC formulations, possibly 
because GO dissolved in the lipid matrix. The％CI of NLCs 
decreased slightly when GO loading increased, although no 
significant difference was shown between DSC thermo-
grams of GO-loaded and drug-free NLCs. Consequently, 
melting enthalpy of GO-loaded NLCs could not be seen on 
the DSC thermogram. However, the existence of GO was 
confirmed by FTIR. 

3.5  X-ray diffraction（XRD）analysis
X-ray diffraction（XRD）analysis was performed to inves-

tigate the polymorphic behavior and crystallinity of cetyl 
palmitate after NLC production. XRD patterns of bulk cetyl 
palmitate（Fig. 4）indicated orthorhombic lattices（β’ poly-
morph）with a lattice spacing of 0.38 and 0.42 nm22, 23）. Dif-
fraction pattern of bulk cetyl palmitate showed shape 
peaks with no maxima, indicating a highly crystalline form. 
NLC formulations with varying oil contents showed peaks 
at similar position; however, a broad curve also appeared 
which was attributed to amorphous form. Thus, lipid matri-
ces of NLCs included β’-polymorph and amorphous form. 
This result concurred with DSC investigations that showed 

less crystallinity of lipid matrices with increasing oil 
content.

3.6  Fourier transform infrared（FTIR）investigation
Fourier transform infrared（FTIR）spectroscopy is used 

to detect conformation of lipid molecules in matrices by 
demonstrating functional groups in chemical structures 
and determining chemical interactions among molecules in 
mixtures. Here, FTIR spectra of NLCs were compared to 
those of γ-oryzanol（A）, cetyl palmitate（B）, and caprylic/
capric triglycerides（C）to investigate chemical interactions 
between the compounds（Fig. 5）. The FTIR spectra of NLC 
formulations showed main peaks at the same wavenumber 
as combinations of individual compounds. Shifting of peaks 
or invoking new peaks were not found. This indicated no 
chemical interaction among lipid and drug molecules. 
Therefore, only physical interaction was suggested for this 
system24）. The FTIR spectrum of cetyl palmitate in the 

Table 2　DSC parameters of NLC formulations.

Formulation Melting onset
(℃)

Melting peak temperature
(℃)

Enthalpy change
(J/g)

CI
(%)

Cetyl palmitate 48.59 50.93 226.70 100
Drug-free NLC55 39.47 41.68   4.16  37
Drug-free NLC73 42.21 44.01   7.86  50
Drug-free NLC91 43.81 46.00  15.61  77
GO-loaded NLC55 39.67 41.31   3.05  27
GO-loaded NLC73 41.30 43.81   7.11  45
GO-loaded NLC91 43.70 45.81  13.70  67

Fig. 4　 X-ray diffraction（XRD）patterns of γ-oryzanol-
loaded NLCs with varying solid lipid to liquid lipid 
ratios of cetyl palmitate. Fig. 5　 FTIR spectra of（A）γ-oryzanol（GO）, （B）cetyl 

palmitate, （C）caprylic/capric triglycerides, （D）
drug-free NLC55, （E）GO-loaded NLC55, （F）drug-
free NLC73, （G）GO-loaded NLC73, （H）drug-free 
NLC91, and（I）GO-loaded NLC91. The rectangular 
box indicates peak GO detected on GO-loaded NLC 
formulations.
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range of 1184 cm－1 to 1475 cm－1 gave many sharp peaks 
due to bending vibration of CH3, CH2 and CH bonds in the 
range of 1350-1470 cm－1 and stretching vibration of the 
single C-O bond at 1210-1320 cm－1. Sharp peaks in this 
range had some benefits on the elucidation of crystallinity 
in NLC particles25）. For cetyl palmitate, broad peaks were 
found in a similar range, indicating a less ordered structure 
in the lipid matrix. Moreover, crystallinity of lipid matrices 
was related to the amount of liquid lipid in the formulation. 
For GO-loaded NLC formulations, the higher the liquid 
lipid content, the higher the amorphous state of lipid ma-
trices. The FTIR spectrum of GO-loaded NLC55 showed 
broad peaks. Some disappeared at 1184 cm－1 to 1475 cm－1 
because the formulation contained 50 wt％ of liquid lipid. 
Similarly, the FTIR spectrum of caprylic/capric triglycer-
ides（C）did not show any sharp peaks in this range since 
caprylic/capric triglycerides were measured in liquid form 
with no crystallinity in the sample. Differences in FTIR 
spectra between drug-free NLC formulations and GO-load-
ed NLC formulations were also examined. Spectra of GO-
loaded NLCs showed a peak at 1515 cm－1 due to C＝C in 
arenes of GO. This confirmed the existence of GO in NLC 
formulations（Fig. 5）.

3.7  Encapsulation efficiency 
Encapsulation efficiency（％EE）was high in all NLC for-

mulations. This can be explained by the lipophilicity of GO 
that prefers lipid phase to aqueous phase. Encapsulation 
efficiency of the lipophilic drug increased when the liquid 
lipid in NLCs increased. In general, NLCs with a higher 
percentage of liquid lipid gave higher percent drug loading 
and percent drug entrapment17）. However, although drug 
loaded in NLCs tended to be better dissolved in liquid lipid 
than solid lipid, the％EE of these NLC formulations was 
not significantly different（p＞0.05）because GO was almost 
insoluble in water. The％EE of GO-loaded NLC55, GO-
loaded NLC73, GO-loaded NLC91 and GO-loaded NE were 
99.939±0.019, 99.936±0.019, 99.935±0.018 and 99.945±
0.018, respectively.

3.8  In vitro release studies
Release profiles of NLC and NE formulations showed 

that higher percentage of liquid lipid provided higher drug 
release（Fig. 6）. The release profile of GO-loaded NE was 
observed as a linear line followed Fick’s law of diffusion. 
GO-loaded NLC55 showed a release profile close to NE for-
mulation. Generally, release profiles of drug from lipid 
nanoparticles such as SLNs or NLCs have two states. The 
initial state shows fast release since drug content dissolved 
in the outer shell of particles is released easier than drug 
content inside the particles. The second state involves pro-
longed release of the drug inside the particles. A release 
profile was proposed to follow Stokes-Einstein equation 
because lipid matrices have high viscosity which slows 

down the release profile13）, especially for SLNs containing 
only solid lipid in the lipid matrix. If burst release was ex-
cluded, the best fit for SLN release profile followed the 
Higuchi model26）which states that drug release from parti-
cles is proportional to the square root of time27）. However, 
in this study, release of GO from NLC particles did not fol-
lowed the Higuchi model for initial state（＜8 hours）but 
could be described by the Higuchi model after 8 hours 
release time（data not shown）. Burst release was not found 
at the initial state of time profiles since the％EE of all for-
mulations was 99.9％. However, when considering the cu-
mulative release profile of NLC formulations, the release 
was still faster at the initial state, especially for the first 
two hours. In the first two hours, no difference of drug 
release was found among NLC formulations. Thus, initial 
release was attributed to the drug on the outer shell or 
surface of NLC particles. After 2 hours, the amount of 
liquid lipid in the NLC formulations became a factor that 
affected the rate of GO release. The higher amount of 
liquid lipid gave faster release. As discussed previously, 
lipid matrices made from solid lipid slowed down drug 
release. This effect was minimized when increasing liquid 
lipid content in the lipid matrices. Since liquid lipid was 
less viscous than solid lipid, the influence of solid lipid ma-
trices was decreased. According to the DSC thermograms 
and XRD patterns, less ordered polymorphs and amor-
phous forms were found, especially for GO-loaded NLC55. 
This allowed the drug to pass through lipid matrices easier 
than the rigid ones.

4  Conclusion
Oil contents had an influence on drug release perfor-

mance. Higher oil contents in NLCs gave faster release. 
However, no significant difference of release profile was 
found between NLCs with 100％ and 50％ oil contents. 
Moreover, burst release was not found for all formulations 

Fig. 6　 Cumulative amount per unit area（μg/cm2）of 
γ-oryzanol（GO）released from NLCs and NE 
formulations over 24 hours.
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since％EE of all GO-loaded NLC was 99.9％. Oil contents 
not only affected release performance but also directly 
related to information obtained from each technique as 
well as image quality from TEM and AFM. Consequently, 
intensive preparation is required for higher liquid lipid 
component samples. Moreover, FTIR was determined as an 
interesting technique for further study regarding other ap-
plications besides identifying functional group. Amorphous 
forms in NLCs were confirmed by broad peaks in the range 
1184 cm－1 to 1475 cm－1 by FTIR, consistant with informa-
tion from XRD patterns and DSC thermograms.
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