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The aim of the present study was to investigate the influence of polysorbate 60 (Tween 60) on the devel-
opment of morin-loaded nanoemulsions to improve the oral bioavailability of morin. Nanoemulsions were 
prepared using Tween 60 and polyvinyl alcohol (PVA) as emulsifiers, and medium chain triglycerides (MCT) 
as the lipid base. Low-saponification-degree PVA (LL-810) was also added to stabilize dispersed droplets. 
MCT-LL810 nanoemulsion containing LL-810 was prepared with a reduced amount of Tween 60. However, 
the area under the blood concentration–time curve (AUC) of MCT-LL810 (0.18) nanoemulsion containing a 
small amount of Tween 60 did not increase because the absorption of morin was limited by P-glycoprotein 
(P-gp)-mediated efflux. MCT-LL810 (0.24) nanoemulsion containing a large amount of Tween 60 showed the 
highest AUC, dispersed droplets containing Tween 60 may have been transported into epithelial cells in the 
small intestine, and P-gp transport activity appeared to be suppressed by permeated Tween 60. Based on the 
plasma concentration profile, dispersed droplets in MCT-LL810 (0.24) nanoemulsion permeated more rapidly 
through the mucus layer and the intestinal membrane than MCT (0.24) nanoemulsion without LL-810. In 
conclusion, a novel feature of Tween 60 incorporated into the dispersed droplets of a nanoemulsion interact-
ing with P-gp was demonstrated herein. Dispersed droplets in MCT-LL810 (0.24) nanoemulsion containing 
LL-810 permeated rapidly through the mucus layer and intestinal membrane, and Tween 60 incorporated in 
dispersed droplets interacted with P-gp-mediated efflux, increasing the bioavailability of morin.
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Morin (2′,4′,3,5,7-pentahydroxyflavonoid) is one of the fla-
vonoids widely found in fruits, vegetables, tea, and numerous 
therapeutic herbs.1) Its wide spectrum of biological activities, 
including anti-inflammatory, anti-cancer, antioxidant, anti-
angiogenic, anti-hypertensive, and anti-clastogenic activities, 
have been reported.2–8) We previously demonstrated that a 
treatment with morin induced basal nitric oxide production 
and rapid improvements in endothelial function in diabetic 
mice.9) Morin has been suggested to improve the development 
of endothelial dysfunction by diabetes. However, the absolute 
bioavailability of morin after its oral administration is very 
low (less than 1%), and this may be attributed to its low aque-
ous solubility, P-glycoprotein (P-gp)-mediated efflux, and low 
intestinal permeability.10–12)

Various approaches have been attempted in order to in-
crease the area under the blood concentration–time curve 
(AUC) of low bioavailability drugs after their oral administra-
tion. Nanoemulsion systems have received increasing atten-
tion as appropriate carriers for insoluble active compounds to 
increase bioavailability and modify drug release characteris-
tics.13–15) Improvements in the solubility of drugs into nano-
emulsion components such as the oil phase and surfactants 
represent an effective strategy for drugs for which low water 
solubility dissolution is the rate limiting step in absorption and 
bioavailability. However, non-ionic surfactants are inhibitors 
of intestinal P-gp.16,17) Regarding the well-known P-gp sub-
strate digoxin, Tween 80 was reported to improve its intestinal 
absorption in vitro and in vivo.18) Zhang et al. concluded that 
this effect was most likely caused by the inhibition of P-gp in 

the gastrointestinal tract and that a similar enhancement may 
be achieved for other P-gp substrates.19) Hence, in nanoemul-
sions containing drugs with low aqueous solubility that serve 
as a substrate for P-gp, their pharmacokinetics after their oral 
administration may be modified by improving drug solubility 
and inhibiting P-gp using surfactants.

The present study was performed in order to investigate 
the influence of non-ionic surfactants on the development of 
morin-loaded nanoemulsions to improve the oral bioavailabil-
ity of morin. We prepared morin-loaded nanoemulsions using 
Tween 60 or Tween 80 in a preliminary experiment. Since the 
dispersed droplet sizes of nanoemulsions containing Tween 60 
were smaller than those containing Tween 80, Tween 60 was 
used as the non-ionic surfactant in the present study. Polyvinyl 
alcohol (PVA) has hydrophilic hydroxyl groups and hydropho-
bic acetic acid groups, and is the most commonly used emul-
sifier during the formulation of poly(lactic-co-glycolic acid) 
(PLGA) nanoparticles.20–22) In the present study, PVA was 
used as a surfactant in addition to Tween 60. Medium chain 
triglycerides (MCT) was used as the lipid base. Furthermore, 
with the aim of stabilizing dispersed droplets, nanoemulsions 
with the addition of low-saponification-degree PVA were also 
prepared. The influence of the amount of Tween 60 added on 
the formulation properties of morin-loaded nanoemulsions 
with and without low-saponification-degree PVA was investi-
gated. The AUC after the oral administration of morin-loaded 
nanoemulsions was measured and the influence of the amount 
of Tween 60 added on bioavailability was investigated.
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MATERIALS AND METHODS

Materials  Morin was purchased from Kanto Chemical 
Co., Inc. (Tokyo, Japan). Two grades of PVA, GOHSENOL™ 
EG-25T (EG-25T) and GOHSENX™ LL-810 (LL-810), were 
supplied by the Nippon Synthetic Chemical Industry Co., Ltd. 
(Osaka, Japan). The Saponification degree (mol%) of PVA 
(EG-25T) and PVA (LL-810) are 87.6 and 48.7, respectively. 
Equation (1) was used to calculate the degree of saponifica-
tion: 

 Saponification degree /( ) 100= + ×n n m   (1) 

where m and n, described in Fig. 1, denote the degree of po-
lymerization of vinyl acetate and vinyl alcohol, respectively. 
Tween 60 was purchased from Wako Pure Chemical Indus-
tries, Ltd. (Osaka, Japan). MCT (COCONAD® MT) was sup-
plied by Kao Corporation (Tokyo, Japan). All other chemicals 
were obtained commercially at the purest grade available.

Preparation of MCT Nanoemulsions  The compositions 
of MCT nanoemulsions are shown in Table 1. Regarding the 
amount of Tween 60 added, nanoemulsions with small (0.18 g) 
and large (0.24 g) amounts of Tween 60 were prepared. PVA 
has various grades with different characteristics in the degree 
of saponification and viscosity. We previously attempted to 
prepare emulsions containing morin using several grades 
of PVA. The use of PVA (EG-25T) was shown to minimize 
dispersed droplet sizes in emulsions.23) Hence, in the present 
study, PVA (EG-25T) was used as an emulsifier.

MCT (0.18) and MCT (0.24) nanoemulsions were prepared 
as follows. Morin was added to MCT and mixed well. Tween 
60 was added to the mixture and stirred well. The morin mix-
ture and 1% (w/w) PVA (EG-25T) solution were separately 
heated to 70°C, and the PVA solution was gradually added to 
the morin mixture. The mixture was then stirred at 25000 rpm 
using a Physcotron® NS-10 homogenizer (Microtect Co., Ltd., 
Chiba, Japan) for 90 s, followed by sonication using a Smurt 
NR-50M ultrasonic homogenizer (Microtect Co., Ltd.) for 
120 s.

Preparation of MCT-LL810 Nanoemulsions  The com-

positions of MCT-LL810 nanoemulsions are shown in Table 
1. As with MCT nanoemulsions, nanoemulsions with small 
(0.18 g) and large (0.24 g) amounts of Tween 60 were pre-
pared. PVA contributes to the stabilization of dispersed drop-
lets in the interface between the aqueous phase and organic 
phase.24,25) In the present study, with the aim of increasing 
dispersed droplet stabilization, LL-810 (low-saponification-
degree PVA) was added to morin-loaded nanoemulsions. 
LL-810 has a lower saponification degree than EG-25T. MCT-
LL810 nanoemulsions were prepared as follows. Morin was 
dissolved in ethanol and added to MCT. LL-810 was dissolved 
in ethanol and added to the morin mixture. Ethanol was 
subsequently evaporated from the mixture in vacuo for 48 h. 
Tween 60 was added to the residue and stirred. Morin mixture 
and 1% (w/w) PVA (EG-25T) solution were separately heated 
to 70°C, and the PVA solution was gradually added to the 
morin mixture. The mixture was then stirred at 25000 rpm for 
90 s, followed by sonication for 180 s.

Optical Microscopic Observations  An optical micro-
scope (OLYMPUS BX51, Olympus Corporation) equipped 
with a microscope digital camera (DP71, Olympus Corpora-
tion) was used to characterize the morphologies of the prepa-
rations. An objective lens (UplanApo, Olympus Corporation) 
with ×40 magnification was used.

Evaluation of Particle Size Distributions and Zeta-
Potentials  Morin-loaded nanoemulsions were diluted with 
distilled water and the particle size distribution and volume 
median diameter of the dispersed droplets were measured by a 
SALD-7100 laser diffraction particle size analyzer (Shimadzu, 
Kyoto, Japan). Similarly, nanoemulsions were diluted with 
distilled water and their zeta-potentials were assessed with a 
Photal ELS-Z2 zeta potential and particle size analyzer (Ot-
suka Electronics Co., Ltd., Osaka, Japan).

In Vitro Release Studies  The in vitro release of morin 
from nanoemulsions was examined using a Franz diffusion 
cell.26,27) A membrane filter (Omnipore™ JVWP, Merck Mil-
lipore, pore size=0.1 µm) was mounted between the donor and 
receiver compartments of the Franz diffusion cell. The effec-
tive exposed area of the membrane filter was 1.77 cm2. The re-
ceiver compartment was filled with phosphate buffer (25 mM, 
pH 6.8). The buffer solution in the receiver chamber was 
stirred with a magnetic stirrer (OCTOPUS, AS ONE Corpora-
tion, Japan) at a speed of 1500 rpm and maintained at 37°C. A 
morin suspension (2 mg/mL) was prepared for comparisons. 
In order to prepare the morin suspension, crude morin was 
suspended in a 1% sodium carboxymethylcellulose solution. 
One milliliter of morin-loaded nanoemulsions and the morin 
suspension were placed in the donor compartment, and at pre-
determined time intervals, a 0.2-mL sample of the buffer was 
taken and replaced with fresh buffer. The sample solution was Fig. 1. Chemical Structure of PVA

Table 1. Compositions of Morin-Loaded Nanoemulsions

Nanoemulsion
MCT PVA  

(LL-810) Tween 60 Morin 1% (w/w) PVA (EG-25T)  
Solution

(g)

MCT (0.18) 0.4900 — 0.1800 0.0200 9.3100
MCT (0.24) 0.4900 — 0.2400 0.0200 9.2500
MCT-LL810 (0.18) 0.4851 0.0049 0.1800 0.0200 9.3100
MCT-LL810 (0.24) 0.4851 0.0049 0.2400 0.0200 9.2500
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diluted with fresh medium and absorbance at 250 nm28) was 
measured using a UV spectrophotometer (UV-1800, Shimadzu 
Corporation, Japan) in order to evaluate the amount of the 
drug released.

Animal Experiments  The animal protocols used in the 
present study were approved by the issuing committee (the 
Committee on the Care and Use of Laboratory Animals of 
Hoshi University), which is accredited by the Ministry of 
Education, Culture, Sports, Science, and Technology, Japan, 
as conforming with the Guide for the Care and Use of Labora-
tory Animals (Approval No. 27-047).

Male Jcl:ICR mice were obtained at 5 weeks of age. Mice 
were housed in temperature-controlled cages under a 12-h 
light-dark cycle and given free access to water and a normal 
chow diet for 1 week. Each mouse was fasted for 12 h before 
the administration of a single dose of morin-loaded nanoemul-
sions or the morin suspension (10 mg morin/kg) by intragastric 
gavage. Blood was collected from the postcava under anesthe-
sia at predetermined times (n=3–4 for each time point) after 
administration, and mice were euthanized at each sampling 
point. Since data were collected from different mice at each 
sampling point, the time that the plasma concentration peak 
was observed (Tmax), AUC0–360 and the mean residence time 
(MRT0–360) were described using average values.

Measurement of Morin Concentrations  Plasma samples 
were isolated from blood by centrifugation at 1000×g for 
15 min. The plasma concentrations of morin were measured 
using HPLC. The pretreatment of plasma samples was per-
formed according to previously reported methods.29)

HPLC was conducted using an LC-6AD pump and C-R7A 
chromatopac (Shimadzu, Kyoto, Japan) equipped with a Cap-
cell Pak C18 MG II column (4.6×250 mm, Shiseido Co., Ltd., 
Tokyo, Japan) and SPD-20AV UV detector (Shimadzu). Chro-
matography was performed at 40°C. The injection volume was 
20 µL. The mobile phase was acetonitrile: 0.2% ortho-phos-
phoric acid in water (27 : 73, v/v) at a flow rate of 1 mL/min. 
The detection wavelength was 250 nm. Ethylparaben was used 
as an internal standard. Calibration curves were obtained by a 
linear regression analysis of concentrations plotted against the 
peak area.

Statistical Analysis  Tukey’s test was performed for dif-
ferences in median diameters and zeta-potentials. Dunnett’s 
test was applied to compare nanoemulsions against the morin 
suspension in drug release profiles and plasma concentration 
profiles. A p-value less than 0.05 was considered to be signifi-
cant.

RESULTS

Characterization of Nanoemulsions  Optical micrographs 
of MCT nanoemulsions are shown in Fig. 2. In MCT (0.18) 
nanoemulsion, needle-like crystals estimated to be due to 
morin were included. MCT (0.24) nanoemulsion containing 
a large amount of Tween 60 did not include crystals. Since 
it was not possible to prepare MCT (0.18) nanoemulsion ho-
mogeneously, further experiments were not performed. The 
dispersed droplet size distribution of MCT (0.24) nanoemul-
sion and median diameter of dispersed droplets are shown in 
Fig. 3 and Table 2, respectively. MCT (0.24) nanoemulsion 
showed the presence of a monodisperse distribution of dis-
persed droplets. Regarding MCT (0.18) nanoemulsion, another 

preparation method was attempted, that is morin is dissolved 
in ethanol and added to MCT. After ethanol was subsequently 
evaporated from the mixture in vacuo for 48 h, Tween 60 was 
added to the residue and stirred. Thereafter, the formulation 
was prepared according to the MCT nanoemulsion preparing 
method described above. Although MCT (0.18) nanoemulsion 
prepared did not include crystals, dispersed droplets in MCT 
(0.18) nanoemulsion showed the wide size distribution, and the 
median diameter of dispersed droplets was 481±26 nm and 
significantly larger than that in other nanoemulsions.

Optical micrographs of MCT-LL810 nanoemulsions are 
shown in Fig. 4. MCT-LL810 (0.18) and MCT-LL810 (0.24) 
nanoemulsions did not include crystals. The dispersed droplet 
size distribution of MCT-LL810 nanoemulsions and the me-
dian diameter of dispersed droplets are shown in Fig. 5 and 
Table 2, respectively. MCT-LL810 nanoemulsions showed the 
presence of a monodisperse distribution of dispersed droplets. 
The median diameter of dispersed droplets in MCT-LL810 
(0.18) nanoemulsion was significantly smaller than those in 
MCT (0.24) and MCT-LL810 (0.24) nanoemulsions (p<0.01). 
The zeta-potential was approximately −30 mV in nanoemul-
sions, and did not significantly differ between the formulations 
(Table 2).

In Vitro Release of Morin from Nanoemulsions  The 
in vitro release profiles of morin from the formulations are 

Fig. 2. Optical Micrographs of MCT Nanoemulsions (Bar=50 µm)

Fig. 3. Dispersed Droplet Size Distribution of MCT Nanoemulsions 
(n=3)

Table 2. Median Diameter and Zeta-Potential of Micelles in MCT Nano-
emulsions and MCT-LL810 Nanoemulsions

Nanoemulsion Median diametera) (µm) ζ-Potential (mV)

MCT (0.24) 384±6 −31.0±1.2
MCT-LL810 (0.18) 320±9 −30.7±2.9
MCT-LL810 (0.24) 379±13 −31.9±2.1

Each value represents the mean±S.D. (n=3). a) Tukey’s test was performed to 
assess differences in median diameters. MCT-LL810 (0.18) was significantly different 
from MCT (0.24) and MCT-LL810 (0.24) (p<0.01).
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shown in Fig. 6. Dunnett’s test was performed to compare 
drug release from morin-loaded nanoemulsions against the 
morin suspension. No significant difference was observed in 
drug release between nanoemulsions and the morin suspen-
sion at any measurement point. The initial burst release was 
not observed in any nanoemulsions.

In Vivo Administration  Plasma morin concentration–
time curves after the oral administration of the formulations 
are shown in Fig. 7. The plasma morin concentration at 60 min 
in MCT (0.24) nanoemulsion was significantly higher than 
that in the morin suspension. In MCT (0.24) nanoemulsion, 
plasma concentration peaks (Cmax1 and Cmax2) were observed 
at 15 and 60 min (Tmax1 and Tmax2). Although the plasma 
morin concentration in MCT-LL810 (0.18) nanoemulsion was 
not significantly higher, plasma morin concentrations at 15, 
30, 45, and 60 min in MCT-LL810 (0.24) nanoemulsion were 
significantly higher than those in the morin suspension. The 
pharmacokinetic parameters measured for morin after the oral 
administration of the formulations are shown in Table 3. The 
AUC0–360 of MCT-LL810 (0.18) nanoemulsion was similar to 
that of the morin suspension. The AUC0–360 of MCT (0.24) 
nanoemulsion and MCT-LL810 (0.24) nanoemulsion were 
1.4-fold and 2.9-fold higher, respectively, than those of the 

morin suspension. The MRT0–360 of MCT (0.24) nanoemul-
sion was greater than those of the other nanoemulsions, but 
was similar to that of the morin suspension. The MRT0–360 of 
MCT-LL810 (0.18) nanoemulsion was smaller than those of 
the other formulations, and relatively rapid drug elimination 
properties were observed in MCT-LL810 (0.18) nanoemulsion.

DISCUSSION

In order to improve the oral bioavailability of morin, morin-
load nanoemulsions containing a large or small amount of 
Tween 60 were prepared, and the influence of the amount of 
Tween 60 added on formulation properties and bioavailabil-
ity was investigated. LL-810 (low-saponification-degree PVA) 
was added to nanoemulsions with the aim of increasing dis-
persed droplet stabilization, and the influence of the addition 
of LL-810 on formulation properties and bioavailability was 
also investigated. In the preparation of nanoemulsions, the 
particle size of dispersed droplets was influenced by the soni-
cation time. Particle size reductions to the micro- and often 
nanometer range are a widely examined option to solubilize 
poorly soluble drugs. Alternatively, a nanoemulsion represents 
one approach to achieve particle size reductions.30) In MCT 
nanoemulsions, although dispersed droplet sizes decreased 
according to the sonication time up to 120 s, no effects were 

Fig. 4. Optical Micrographs of MCT-LL810 Nanoemulsions (Bar= 
50 µm)

Fig. 5. Dispersed Droplet Size Distribution of MCT-LL810 Nanoemul-
sions (n=3)

Fig. 6. Release Profiles of Morin from Nanoemulsions
Each point represents the mean±S.D. (n=3).

Fig. 7. Plasma Concentration–Time Curve after the Oral Administra-
tion of Morin-Loaded Nanoemulsions to Mice

Each point represents the mean±S.E. (n=3–4). Dunnett’s test was performed 
to compare nanoemulsions>morin suspension. ** p<0.01, MCT-LL810 (0.24) 
nanoemulsion>morin suspension. * p<0.05, MCT-LL810 (0.24) nanoemulsion and 
MCT (0.24) nanoemulsion>morin suspension.
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observed after 120 s. Hence, the sonication time of MCT na-
noemulsions was set to 120 s. Since the dispersed droplet size 
in MCT-LL810 nanoemulsions decreased according to the 
sonication time up to 180 s, the sonication time of MCT-LL810 
nanoemulsions was set to 180 s. Since the sonication time may 
be extended in MCT-LL810 nanoemulsion, LL-810 was con-
sidered to improve dispersed droplet stabilization.

In MCT nanoemulsions, it was not possible to prepare MCT 
(0.18) nanoemulsion homogeneously. In our previous study, 
morin was dissolved in Tween 60 at 115 mg/g, and dissolved 
in MCT at 0.43 mg/g.23) A decrease in Tween 60 may induce a 
reduction in morin solubility. Since it was not possible to pre-
pare MCT (0.18) nanoemulsion, another preparation method, 
which involves initially dissolving morin in ethanol, was at-
tempted. Although MCT (0.18) nanoemulsion prepared by 
another method did not include crystals, dispersed droplets in 
MCT (0.18) nanoemulsion showed the wide size distribution, 
and the median diameter was significantly larger than those 
in other nanoemulsions. The formulation properties of MCT 
(0.18) nanoemulsion were inferior. Since there is a possibility 
that the heterogeneity in the formulation properties affects 
drug absorption, we abandoned to compare MCT (0.18) nano-
emulsion with other formulations.

In MCT-LL810 nanoemulsion, both nanoemulsions (MCT-
LL810 (0.18) and MCT-LL810 (0.24)) were prepared as ho-
mogeneous formulations. Since the nanoemulsion containing 
LL-810 could be prepared with a small amount of Tween60, 
LL-810 appears to have stabilized dispersed droplets and 
contributed to decreasing the amount of surfactant in the 
preparation of nanoemulsions. The zeta-potential of the nano-
emulsions was approximately −30 mV, and charged particles 
exhibiting a high zeta-potential (±30 mV or more) aggregated 
slightly less as a result of electrostatic repulsion.31,32)

In the release profiles of morin from nanoemulsions, a 
significant difference was not observed between nanoemul-
sions and the morin suspension. Since morin was dissolved 
in Tween 60 more than in MCT, existence of morin at the 
border between the oil phase and surfactants was presumed. 
Kelmann et al. reported that the drug release from the na-
noemulsions observed in vitro can be explained by the fact 
that the drug diffusion from the oily core and interface is 
hindered by the aqueous medium, which acts as a barrier to 
drug transport due to its low solubility in water. In the same 
way, the free drug presents a behavior, which is typical from 
a dispersed system, considering a low aqueous soluble drug.33) 
In the case of the nanoemulsion, both of sustained release34,35) 
and rapid release36) as compared with the drug suspension 
were reported. In the present study, the release profiles indi-
cate that morin was incorporated into the border between the 

oil phase and surfactants and was gradually released from dis-
persed droplets by diffusion at a similar diffusion rate to that 
of the morin suspension. Since the initial burst release was not 
observed in nanoemulsions, the possibility that morin hardly 
existed in the aqueous phase was considered. The release 
profiles between MCT nanoemulsion and MCT-LL810 nano-
emulsion did not significantly differ; therefore, LL-810 did not 
appear to affect the release of morin from nanoemulsions.

In the in vivo oral administration study, the AUC0–360 of 
MCT (0.24) nanoemulsion and MCT-LL810 (0.24) nano-
emulsion were higher than that of the morin suspension. 
The highest AUC0–360 was observed in MCT-LL810 (0.24) 
nanoemulsion at a value that was 2.9-fold higher than that 
of MCT-LL810 (0.18) nanoemulsion. The difference between 
MCT-LL810 (0.24) nanoemulsion and MCT-LL810 (0.18) na-
noemulsion was the amount of Tween 60 added. Dispersed 
droplet sizes were smaller in MCT-LL810 (0.18) nanoemul-
sion than in MCT-LL810 (0.24) nanoemulsion, and zeta-
potentials and drug release properties were similar between 
MCT-LL810 (0.18) nanoemulsion and MCT-LL810 (0.24) 
nanoemulsion. Differences in formulation characteristics did 
not appear to affect their bioavailabilities. Hence, the suppres-
sion of P-gp-mediated efflux by Tween 60 was considered to 
be a reason for the higher AUC0–360 observed in MCT-LL810 
(0.24) nanoemulsion. In intestinal transport, the interaction 
between a drug substance and P-gp limits transepithelial 
absorptive permeation, thereby limiting oral bioavailability. 
Several non-ionic surfactants such as Tween and poloxamers 
have been investigated for their ability to increase in vitro 
absorption by inhibiting efflux transporters.37–43) Despite the 
large number of in vitro studies conducted to date, few have 
investigated the ability of surfactants to increase bioavail-
ability in in vivo models. Nielsen et al. investigated the ability 
of Tween 20 to increase oral digoxin absorption in vivo after 
its co-administration to Sprague Dawley rats.44) They con-
cluded that the amount of Tween 20 required to increase the 
oral bioavailability of digoxin in vivo was 10% of the dosing 
volume. Since Tween 20 did not enhance digoxin absorption 
in Sprague Dawley mdr1a(−/−) rats, the increase observed 
in digoxin bioavailability in vivo in rats appears to be medi-
ated by the modulation of P-gp transport activity rather than 
through the solubilization of digoxin. In the present study, the 
dosage of Tween 60 was lower than that reported by Nielsen. 
Since Tween 60 was incorporated into dispersed droplets in 
nanoemulsions, dispersed droplets containing Tween 60 may 
have been transported into small-intestinal epithelial cells, 
and the suppression of P-gp transport activity by perme-
ated Tween 60 was considered. Although dispersed droplets 
in MCT-LL810 (0.18) nanoemulsion and MCT-LL810 (0.24) 

Table 3. Pharmacokinetic Parameters of Morin after the Oral Administration of Morin-Loaded Nanoemulsions

Parameters Morin suspension MCT (0.24) MCT-LL810 (0.18) MCT-LL810 (0.24)

Cmax1 (µg/mL)* 0.088±0.069 0.099±0.029 0.110±0.045 0.346±0.016
Cmax2 (µg/mL)* — 0.069±0.012 — —
Tmax1 (min)** 15 15 15 15
Tmax2 (min)** — 60 — —
AUC0–360 (µg/mL·min) 7.818 10.847 7.875 22.814
MRT0–360 (min) 145.658 134.168 68.784 109.301

* Cmax1: Plasma concentration of the first peak, Cmax2 : Plasma concentration of the second peak. Each value represents the mean±S.E. (n=3–4). ** Tmax1 : Time of Cmax1 
observed, Tmax2 : Time of Cmax2 observed.
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nanoemulsion were transported into small-intestinal epithelial 
cells, permeated Tween 60 in MCT-LL810 (0.24) nanoemul-
sion was considered to be sufficient to suppress P-gp-mediated 
efflux. The AUC0–360 in MCT-LL810 (0.24) nanoemulsion was 
2.1-fold higher than that in MCT (0.24) nanoemulsion. These 
results suggest that MCT (0.24) nanoemulsion was inferior to 
MCT-LL810 (0.24) nanoemulsion for initial permeability into 
small-intestinal epithelial cells. Since MCT (0.24) nanoemul-
sion showed a greater MRT0–360 value and Tmax2 at 60 min, 
dispersed droplets in MCT (0.24) nanoemulsion appeared to 
gradually permeate into small-intestinal epithelial cells as 
the dispersed droplets were maintained in the gastrointestinal 
mucus. There is a possibility that P-gp-mediated efflux was 
temporarily suppressed by Tween 60 incorporated in MCT 
(0.24) nanoemulsion. The efflux of drug might be inhibited 
during that time, and Tmax2 was observed after 60 min. Based 
on these results, dispersed droplets in MCT-LL810 (0.24) na-
noemulsion may have rapidly permeated through the mucus 
layer and then rapidly transported into small-intestinal epi-
thelial cells, and the suppression of P-gp-mediated efflux by 
permeated Tween 60 was considered.

In the present study, MCT-LL810 nanoemulsion containing 
LL-810 was prepared with a reduced amount of Tween 60. 
However, the AUC0–360 of MCT-LL810 (0.18) nanoemulsion 
did not increase because the absorption of morin is limited by 
P-gp-mediated efflux. The AUC0–360 of MCT (0.24) nanoemul-
sion and MCT-LL810 (0.24) nanoemulsion were higher than 
that of the morin suspension, and dispersed droplets contain-
ing Tween 60 may have been transported into small-intestinal 
epithelial cells and P-gp transport activity suppressed by per-
meated Tween 60. MCT-LL810 (0.24) nanoemulsion showed 
the highest AUC0–360 value, and from the plasma concentration 
profile, dispersed droplets in MCT-LL810 (0.24) nanoemulsion 
permeated more rapidly through the mucus layer and were 
more rapidly and strongly transported into small-intestinal 
epithelial cells than MCT (0.24) nanoemulsion. In conclusion, 
a novel feature of Tween 60 incorporated into the dispersed 
droplets of a nanoemulsion interacting with P-gp was demon-
strated herein. Dispersed droplets in MCT-LL810 (0.24) na-
noemulsion containing LL-810 rapidly permeated through the 
mucus layer and intestinal membrane, and Tween 60 incorpo-
rated into dispersed droplets interacted with P-gp-mediated 
efflux, increasing the bioavailability of morin.

Conflict of Interest Yuri Ikeuchi-Takahashi received a 
research Grant from the Nippon Synthetic Chemical Industry 
Co., Ltd., Osaka, Japan.

REFERENCES

 1) Sultana F, Neog MK, Rasool M. Targeted delivery of morin, a 
dietary bioflavanol encapsulated mannosylated liposomes to the 
macrophages of adjuvant-induced arthritis rats inhibits inflamma-
tory immune response and osteoclastogenesis. Eur. J. Pharm. Bio-
pharm., 115, 229–242 (2017).

 2) Fang SH, Hou YC, Chang WC, Hsiu SL, Chao PD, Chiang BL. 
Morin sulfates/glucuronides exert anti-inflammatory activity on 
activated macrophages and decreased the incidence of septic shock. 
Life Sci., 74, 743–756 (2003).

 3) Kondath S, Srinivas Raghavan B, Anantanarayanan R, Rajaram R. 
Synthesis and characterisation of morin reduced gold nanoparticles 
and its cytotoxicity in MCF-7 cells. Chem. Biol. Interact., 224, 

78–88 (2014).
 4) Beker BY, Bakır T, Sönmezoğlu I, Imer F, Apak R. Antioxidant 

protective effect of flavonoids on linoleic acid peroxidation induced 
by copper(II)/ascorbic acid system. Chem. Phys. Lipids, 164, 732–
739 (2011).

 5) Zeng N, Tong B, Zhang X, Dou Y, Wu X, Xia Y, Dai Y, Wei Z. An-
tiarthritis effect of morin is associated with inhibition of synovial 
angiogenesis. Drug Dev. Res., 76, 463–473 (2015).

 6) Kang DG, Moon MK, Sohn EJ, Lee DH, Lee HS. Effects of morin 
on blood pressure and metabolic changes in fructose-induced hy-
pertensive rats. Biol. Pharm. Bull., 27, 1779–1783 (2004).

 7) Parihar VK, Prabhakar KR, Veerapur VP, Priyadarsini KI, Unni-
krishnan MK, Rao CM. Anticlastogenic activity of morin against 
whole body gamma irradiation in Swiss albino mice. Eur. J. Phar-
macol., 557, 58–65 (2007).

 8) Sivaramakrishnan V, Shilpa PN, Praveen Kumar VR, Niranjali De-
varaj S. Attenuation of N-nitrosodiethylamine-induced hepatocellu-
lar carcinogenesis by a novel flavonol-Morin. Chem. Biol. Interact., 
171, 79–88 (2008).

 9) Taguchi K, Hida M, Matsumoto T, Ikeuchi-Takahashi Y, Onishi H, 
Kobayashi T. Effect of short-term polyphenol treatment on endo-
thelial dysfunction and thromboxane A2 levels in streptozotocin-
induced diabetic mice. Biol. Pharm. Bull., 37, 1056–1061 (2014).

10) Choi YA, Yoon YH, Choi K, Kwon M, Goo SH, Cha JS, Choi MK, 
Lee HS, Song IS. Enhanced oral bioavailability of morin adminis-
tered in mixed micelle formulation with PluronicF127 and Tween80 
in rats. Biol. Pharm. Bull., 38, 208–217 (2015).

11) Tian XJ, Yang XW, Yang X, Wang K. Studies of intestinal perme-
ability of 36 flavonoids using Caco-2 cell monolayer model. Int. J. 
Pharm., 367, 58–64 (2009).

12) Zhang J, Peng Q, Shi S, Zhang Q, Sun X, Gong T, Zhang Z. 
Preparation, characterization, and in vivo evaluation of a self-nano-
emulsifying drug delivery system (SNEDDS) loaded with morin-
phospholipid complex. Int. J. Nanomedicine, 6, 3405–3414 (2011).

13) Wang X, Jiang Y, Wang YW, Huang MT, Ho CT, Huang Q. En-
hancing anti-inflammation activity of curcumin through O/W nano-
emulsions. Food Chem., 108, 419–424 (2008).

14) Khani S, Keyhanfar F, Amani A. Design and evaluation of oral 
nanoemulsion drug delivery system of mebudipine. Drug Deliv., 23, 
2035–2043 (2016).

15) Verma P, Meher JG, Asthana S, Pawar VK, Chaurasia M, Chour-
asia MK. Perspectives of nanoemulsion assisted oral delivery of 
docetaxel for improved chemotherapy of cancer. Drug Deliv., 23, 
479–488 (2016).

16) Lo YL. Relationships between the hydrophilic-lipophilic balance 
values of pharmaceutical excipients and their multidrug resistance 
modulating effect in Caco-2 cells and rat intestines. J. Control. Re-
lease, 90, 37–48 (2003).

17) Rege BD, Kao JP, Polli JE. Effects of nonionic surfactants on mem-
brane transporters in Caco-2 cell monolayers. Eur. J. Pharm. Sci., 
16, 237–246 (2002).

18) Cornaire G, Woodley J, Hermann P, Cloarec A, Arellano C, Houin 
G. Impact of excipients on the absorption of P-glycoprotein sub-
strates in vitro and in vivo. Int. J. Pharm., 278, 119–131 (2004).

19) Zhang H, Yao M, Morrison RA, Chong S. Commonly used surfac-
tant, Tween 80, improves absorption of P-glycoprotein substrate, 
digoxin, in rats. Arch. Pharm. Res., 26, 768–772 (2003).

20) Wang N, Wu XS, Li JK. A heterogeneously structured composite 
based on poly(lactic-co-glycolic acid) microspheres and poly(vinyl 
alcohol) hydrogel nanoparticles for long-term protein drug delivery. 
Pharm. Res., 16, 1430–1435 (1999).

21) Vandervoort J, Ludwig A. Biocompatible stabilizers in the prepara-
tion of PLGA nanoparticles: a factorial design study. Int. J. Pharm., 
238, 77–92 (2002).

22) Saadati R, Dadashzadeh S. Marked effects of combined TPGS and 
PVA emulsifiers in the fabrication of etoposide-loaded PLGA–PEG 

http://dx.doi.org/10.1016/j.ejpb.2017.03.009
http://dx.doi.org/10.1016/j.ejpb.2017.03.009
http://dx.doi.org/10.1016/j.ejpb.2017.03.009
http://dx.doi.org/10.1016/j.ejpb.2017.03.009
http://dx.doi.org/10.1016/j.ejpb.2017.03.009
http://dx.doi.org/10.1016/j.lfs.2003.07.017
http://dx.doi.org/10.1016/j.lfs.2003.07.017
http://dx.doi.org/10.1016/j.lfs.2003.07.017
http://dx.doi.org/10.1016/j.lfs.2003.07.017
http://dx.doi.org/10.1016/j.cbi.2014.09.025
http://dx.doi.org/10.1016/j.cbi.2014.09.025
http://dx.doi.org/10.1016/j.cbi.2014.09.025
http://dx.doi.org/10.1016/j.cbi.2014.09.025
http://dx.doi.org/10.1016/j.chemphyslip.2011.09.001
http://dx.doi.org/10.1016/j.chemphyslip.2011.09.001
http://dx.doi.org/10.1016/j.chemphyslip.2011.09.001
http://dx.doi.org/10.1016/j.chemphyslip.2011.09.001
http://dx.doi.org/10.1002/ddr.21282
http://dx.doi.org/10.1002/ddr.21282
http://dx.doi.org/10.1002/ddr.21282
http://dx.doi.org/10.1248/bpb.27.1779
http://dx.doi.org/10.1248/bpb.27.1779
http://dx.doi.org/10.1248/bpb.27.1779
http://dx.doi.org/10.1016/j.ejphar.2006.09.073
http://dx.doi.org/10.1016/j.ejphar.2006.09.073
http://dx.doi.org/10.1016/j.ejphar.2006.09.073
http://dx.doi.org/10.1016/j.ejphar.2006.09.073
http://dx.doi.org/10.1016/j.cbi.2007.09.003
http://dx.doi.org/10.1016/j.cbi.2007.09.003
http://dx.doi.org/10.1016/j.cbi.2007.09.003
http://dx.doi.org/10.1016/j.cbi.2007.09.003
http://dx.doi.org/10.1248/bpb.b14-00157
http://dx.doi.org/10.1248/bpb.b14-00157
http://dx.doi.org/10.1248/bpb.b14-00157
http://dx.doi.org/10.1248/bpb.b14-00157
http://dx.doi.org/10.1248/bpb.b14-00508
http://dx.doi.org/10.1248/bpb.b14-00508
http://dx.doi.org/10.1248/bpb.b14-00508
http://dx.doi.org/10.1248/bpb.b14-00508
http://dx.doi.org/10.1016/j.ijpharm.2008.09.023
http://dx.doi.org/10.1016/j.ijpharm.2008.09.023
http://dx.doi.org/10.1016/j.ijpharm.2008.09.023
http://dx.doi.org/10.1016/j.foodchem.2007.10.086
http://dx.doi.org/10.1016/j.foodchem.2007.10.086
http://dx.doi.org/10.1016/j.foodchem.2007.10.086
http://dx.doi.org/10.3109/10717544.2015.1088597
http://dx.doi.org/10.3109/10717544.2015.1088597
http://dx.doi.org/10.3109/10717544.2015.1088597
http://dx.doi.org/10.3109/10717544.2014.920430
http://dx.doi.org/10.3109/10717544.2014.920430
http://dx.doi.org/10.3109/10717544.2014.920430
http://dx.doi.org/10.3109/10717544.2014.920430
http://dx.doi.org/10.1016/S0168-3659(03)00163-9
http://dx.doi.org/10.1016/S0168-3659(03)00163-9
http://dx.doi.org/10.1016/S0168-3659(03)00163-9
http://dx.doi.org/10.1016/S0168-3659(03)00163-9
http://dx.doi.org/10.1016/S0928-0987(02)00055-6
http://dx.doi.org/10.1016/S0928-0987(02)00055-6
http://dx.doi.org/10.1016/S0928-0987(02)00055-6
http://dx.doi.org/10.1016/j.ijpharm.2004.03.001
http://dx.doi.org/10.1016/j.ijpharm.2004.03.001
http://dx.doi.org/10.1016/j.ijpharm.2004.03.001
http://dx.doi.org/10.1007/BF02976689
http://dx.doi.org/10.1007/BF02976689
http://dx.doi.org/10.1007/BF02976689
http://dx.doi.org/10.1023/A:1018911411381
http://dx.doi.org/10.1023/A:1018911411381
http://dx.doi.org/10.1023/A:1018911411381
http://dx.doi.org/10.1023/A:1018911411381
http://dx.doi.org/10.1016/S0378-5173(02)00058-3
http://dx.doi.org/10.1016/S0378-5173(02)00058-3
http://dx.doi.org/10.1016/S0378-5173(02)00058-3
http://dx.doi.org/10.1016/j.ijpharm.2014.01.014
http://dx.doi.org/10.1016/j.ijpharm.2014.01.014


760� Vol. 41, No. 5 (2018)Biol. Pharm. Bull.

nanoparticles: in vitro and in vivo evaluation. Int. J. Pharm., 464, 
135–144 (2014).

23) Ikeuchi-Takahashi Y, Onishi H. Formulation design of emulsions 
containing polyphenol. Journal of Japanese Society of Medical 
Health Science, 4, 30–38 (2016).

24) Brzozowska AM, Spruijt E, de Keizer A, Cohen Stuart MA, Norde 
W. On the stability of the polymer brushes formed by adsorption 
of ionomer complexes on hydrophilic and hydrophobic surfaces. J. 
Colloid Interface Sci., 353, 380–391 (2011).

25) Luppi B, Bigucci F, Cerchiara T, Andrisano V, Pucci V, Mandrioli 
R, Zecchi V. Micelles based on polyvinyl alcohol substituted with 
oleic acid for targeting of lipophilic drugs. Drug Deliv., 12, 21–26 
(2005).

26) Premarathne EP, Karunaratne DN, Perera AD. Controlled release of 
diclofenac sodium in glycolipid incorporated micro emulsions. Int. 
J. Pharm., 511, 890–898 (2016).

27) Jangdey MS, Gupta A, Saraf S. Fabrication, in-vitro characteriza-
tion, and enhanced in-vivo evaluation of carbopol-based nanoemul-
sion gel of apigenin for UV-induced skin carcinoma. Drug Deliv., 
24, 1026–1036 (2017).

28) Hsiu SL, Tsao CW, Tsai YC, Ho HJ, Chao PD. Determinations of 
morin, quercetin and their conjugate metabolites in serum. Biol. 
Pharm. Bull., 24, 967–969 (2001).

29) Ikeuchi-Takahashi Y, Ishihara C, Onishi H. Formulation and evalu-
ation of morin-loaded solid lipid nanoparticles. Biol. Pharm. Bull., 
39, 1514–1522 (2016).

30) Lu Y, Park K. Polymeric micelles and alternative nanonized deliv-
ery vehicles for poorly soluble drugs. Int. J. Pharm., 453, 198–214 
(2013).

31) El-Salamouni NS, Farid RM, El-Kamel AH, El-Gamal SS. Effect 
of sterilization on the physical stability of brimonidine-loaded solid 
lipid nanoparticles and nanostructured lipid carriers. Int. J. Pharm., 
496, 976–983 (2015).

32) Asfour MH, Elmotasem H, Mostafa DM, Salama AAA. Chitosan 
based Pickering emulsion as a promising approach for topical ap-
plication of rutin in a solubilized form intended for wound healing: 
in vitro and in vivo study. Int. J. Pharm., 534, 325–338 (2017).

33) Kelmann RG, Kuminek G, Teixeira HF, Koester LS. Carbamaze-
pine parenteral nanoemulsions prepared by spontaneous emulsifica-
tion process. Int. J. Pharm., 342, 231–239 (2007).

34) Chen T, Gong T, Zhao T, Fu Y, Zhang Z, Gong T. A comparison 

study between lycobetaine-loaded nanoemulsion and liposome 
using nRGD as therapeutic adjuvant for lung cancer therapy. Eur. J. 
Pharm. Sci., 111, 293–302 (2018).

35) Jangdey MS, Gupta A, Saraf S. Fabrication, in-vitro characteriza-
tion, and enhanced in-vivo evaluation of carbopol-based nanoemul-
sion gel of apigenin for UV-induced skin carcinoma. Drug Deliv., 
24, 1026–1036 (2017).

36) Kotta S, Khan AW, Ansari SH, Sharma RK, Ali J. Anti HIV nano-
emulsion formulation: optimization and in vitro–in vivo evaluation. 
Int. J. Pharm., 462, 129–134 (2014).

37) Bogman K, Erne-Brand F, Alsenz J, Drewe J. The role of surfac-
tants in the reversal of active transport mediated by multidrug resis-
tance proteins. J. Pharm. Sci., 92, 1250–1261 (2003).

38) Nerurkar MM, Burton PS, Borchardt RT. The use of surfactants 
to enhance the permeability of peptides through Caco-2 cells by 
inhibition of an apically polarized efflux system. Pharm. Res., 13, 
528–534 (1996).

39) Nerurkar MM, Ho NF, Burton PS, Vidmar TJ, Borchardt RT. 
Mechanistic roles of neutral surfactants on concurrent polarized and 
passive membrane transport of a model peptide in Caco-2 cells. J. 
Pharm. Sci., 86, 813–821 (1997).

40) Rege BD, Yu LX, Hussain AS, Polli JE. Effect of common excipi-
ents on Caco-2 transport of low-permeability drugs. J. Pharm. Sci., 
90, 1776–1786 (2001).

41) Shono Y, Nishihara H, Matsuda Y, Furukawa S, Okada N, Fujita T, 
Yamamoto A. Modulation of intestinal P-glycoprotein function by 
cremophor EL and other surfactants by an in vitro diffusion cham-
ber method using the isolated rat intestinal membranes. J. Pharm. 
Sci., 93, 877–885 (2004).

42) Takahashi Y, Kondo H, Yasuda T, Watanabe T, Kobayashi S, Yoko-
hama S. Common solubilizers to estimate the Caco-2 transport of 
poorly water-soluble drugs. Int. J. Pharm., 246, 85–94 (2002).

43) Wang SW, Monagle J, McNulty C, Putnam D, Chen H. Determina-
tion of P-glycoprotein inhibition by excipients and their combina-
tions using an integrated high-throughput process. J. Pharm. Sci., 
93, 2755–2767 (2004).

44) Nielsen CU, Abdulhussein AA, Colak D, Holm R. Polysorbate 20 
increases oral absorption of digoxin in wild-type Sprague Dawley 
rats, but not in mdr1a(−/−) Sprague Dawley rats. Int. J. Pharm., 
513, 78–87 (2016).

http://dx.doi.org/10.1016/j.ijpharm.2014.01.014
http://dx.doi.org/10.1016/j.ijpharm.2014.01.014
http://dx.doi.org/10.1016/j.jcis.2010.09.074
http://dx.doi.org/10.1016/j.jcis.2010.09.074
http://dx.doi.org/10.1016/j.jcis.2010.09.074
http://dx.doi.org/10.1016/j.jcis.2010.09.074
http://dx.doi.org/10.1080/10717540590889646
http://dx.doi.org/10.1080/10717540590889646
http://dx.doi.org/10.1080/10717540590889646
http://dx.doi.org/10.1080/10717540590889646
http://dx.doi.org/10.1016/j.ijpharm.2016.07.047
http://dx.doi.org/10.1016/j.ijpharm.2016.07.047
http://dx.doi.org/10.1016/j.ijpharm.2016.07.047
http://dx.doi.org/10.1080/10717544.2017.1344333
http://dx.doi.org/10.1080/10717544.2017.1344333
http://dx.doi.org/10.1080/10717544.2017.1344333
http://dx.doi.org/10.1080/10717544.2017.1344333
http://dx.doi.org/10.1248/bpb.24.967
http://dx.doi.org/10.1248/bpb.24.967
http://dx.doi.org/10.1248/bpb.24.967
http://dx.doi.org/10.1248/bpb.b16-00300
http://dx.doi.org/10.1248/bpb.b16-00300
http://dx.doi.org/10.1248/bpb.b16-00300
http://dx.doi.org/10.1016/j.ijpharm.2012.08.042
http://dx.doi.org/10.1016/j.ijpharm.2012.08.042
http://dx.doi.org/10.1016/j.ijpharm.2012.08.042
http://dx.doi.org/10.1016/j.ijpharm.2015.10.043
http://dx.doi.org/10.1016/j.ijpharm.2015.10.043
http://dx.doi.org/10.1016/j.ijpharm.2015.10.043
http://dx.doi.org/10.1016/j.ijpharm.2015.10.043
http://dx.doi.org/10.1016/j.ijpharm.2017.10.044
http://dx.doi.org/10.1016/j.ijpharm.2017.10.044
http://dx.doi.org/10.1016/j.ijpharm.2017.10.044
http://dx.doi.org/10.1016/j.ijpharm.2017.10.044
http://dx.doi.org/10.1016/j.ijpharm.2007.05.004
http://dx.doi.org/10.1016/j.ijpharm.2007.05.004
http://dx.doi.org/10.1016/j.ijpharm.2007.05.004
http://dx.doi.org/10.1016/j.ejps.2017.09.041
http://dx.doi.org/10.1016/j.ejps.2017.09.041
http://dx.doi.org/10.1016/j.ejps.2017.09.041
http://dx.doi.org/10.1016/j.ejps.2017.09.041
http://dx.doi.org/10.1080/10717544.2017.1344333
http://dx.doi.org/10.1080/10717544.2017.1344333
http://dx.doi.org/10.1080/10717544.2017.1344333
http://dx.doi.org/10.1080/10717544.2017.1344333
http://dx.doi.org/10.1016/j.ijpharm.2013.12.038
http://dx.doi.org/10.1016/j.ijpharm.2013.12.038
http://dx.doi.org/10.1016/j.ijpharm.2013.12.038
http://dx.doi.org/10.1002/jps.10395
http://dx.doi.org/10.1002/jps.10395
http://dx.doi.org/10.1002/jps.10395
http://dx.doi.org/10.1023/A:1016033702220
http://dx.doi.org/10.1023/A:1016033702220
http://dx.doi.org/10.1023/A:1016033702220
http://dx.doi.org/10.1023/A:1016033702220
http://dx.doi.org/10.1021/js960483y
http://dx.doi.org/10.1021/js960483y
http://dx.doi.org/10.1021/js960483y
http://dx.doi.org/10.1021/js960483y
http://dx.doi.org/10.1002/jps.1127
http://dx.doi.org/10.1002/jps.1127
http://dx.doi.org/10.1002/jps.1127
http://dx.doi.org/10.1002/jps.20017
http://dx.doi.org/10.1002/jps.20017
http://dx.doi.org/10.1002/jps.20017
http://dx.doi.org/10.1002/jps.20017
http://dx.doi.org/10.1002/jps.20017
http://dx.doi.org/10.1016/S0378-5173(02)00347-2
http://dx.doi.org/10.1016/S0378-5173(02)00347-2
http://dx.doi.org/10.1016/S0378-5173(02)00347-2
http://dx.doi.org/10.1002/jps.20183
http://dx.doi.org/10.1002/jps.20183
http://dx.doi.org/10.1002/jps.20183
http://dx.doi.org/10.1002/jps.20183
http://dx.doi.org/10.1016/j.ijpharm.2016.09.011
http://dx.doi.org/10.1016/j.ijpharm.2016.09.011
http://dx.doi.org/10.1016/j.ijpharm.2016.09.011
http://dx.doi.org/10.1016/j.ijpharm.2016.09.011

