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Our goal was to develop safe and stable multilayer emulsions capable of enhancing intestinal absorption
of biopharmaceutics classification system (BCS) class III drugs. First, wjo emulsions were prepared using
calcein as a model BCS class Il compound and condensed ricinoleic acid tetraglycerin ester as a hydro-
phobic emulsifier. Then water-in-oil-in-water (w/o/w) emulsions were prepared with shirasu porous
glass (SPG) membranes. Particle size analyses and calcein leakage from oil droplets in w/o/w emulsions
led us to select stearic acid hexaglycerin esters (HS-11) and Gelucire 44/14 as hydrophilic emulsifiers.
Analyses of the absorption-enhancing effects of w/o/w emulsions on intestinal calcein absorption in rats
showed that calcein bioavailability after intraduodenal (i.d.) administration of HS-11 or Gelucire 44/
14 + polyvinyl alcohol (PVA) w/o/w emulsions prepared with 0.1-um pore-sized SPGs was significantly
higher than that of the calcein control. However, serum calcein concentration vs. time profiles after i.d.
administration of w/o/w emulsions prepared with 1.1-pum and 30-pm pore-sized SPGs and an emulsion
prepared with a calcein-containing outer water phase were comparable to control profiles. These results
suggested that HS-11 or Gelucire 44/14 + PVA are safe outer water phase additives and that 0.1-pm pore-
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sized SPGs are important for preparing w/o/w emulsions that enhanced intestinal calcein absorption.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The oral absorption of a drug strongly depends on the water
solubility of the drug and on the drug’s membrane permeability
by passive diffusion, endocytosis, intake via transporters, etc. in
the intestinal tract. Based on a simple theory involving two param-
eters—solubility and permeability—the biopharmaceutics classifi-
cation system (BCS) was proposed as an in vitro evaluation
method to assess intestinal absorption of various types of
compounds [1,2]. Drugs with high solubility and low permeability
are classified as BCS class Il drugs. Ordinarily, BCS class III drugs
are not adapted to oral formulations. Therefore, oral formulations
of BCS class III drugs require the addition of an absorption enhan-
cer [3] and/or unique pharmaceutical means of drug delivery [4,5]
in order to enhance the bioavailability (BA) of the drugs. An exam-
ple of the latter case is the concept of multiple emulsion formula-
tions [6,7], which generally involves the encapsulation of a highly
hydrophilic drug in a water-in-oil-in-water (w/o/w) or a solid-in-
oil-in-water (s/o/w) emulsion. The drug contained in the inner
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water phase is coated with oil, and then dispersed in the outer
water phase. If the drug is absorbed directly as an oil droplet from
the intestinal tract, the BA of the drug will increase remarkably [8].
Technical problems encountered with this pharmaceutical prepa-
ration include size optimization, encapsulation, and thermody-
namic stability [9]. Although size optimization is easily attained
through a high-pressure emulsifier, the encapsulation efficiency
of a drug in a multiple emulsion system decreases due to high
shearing stress. Recently, a convenient membrane emulsification
technique that takes into account both size optimization and drug
encapsulation has been developed [10-12]. In this novel proce-
dure, a w/o or s/o emulsion is ejected to the outer phase by low
shearing stress using shirasu porous glass (SPG) membranes with
a uniform pore size.

The aim of the present study was to prepare a characteristic
w/o/w emulsion with safe emulsifiers to enhance the intestinal
absorption of calcein, a model BCS class Il compound. Although
the membrane permeability of calcein may be affected by chelating
with metal ion such as calcium, calcein was already used as a mod-
el compound for intestinal absorption enhancement evaluation
[13] and permeability studies in epithelial membrane [14]. Espe-
cially, it is postulated that the influence of metal ion can be ignored
in our experiments, that is, 100 mM phosphate-buffered solution,
pH 7.4, was used as a solvent in water phase containing calcein.
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Because calcein is difficult to form a chelate with metal ion in the
presence of phosphate salts.

2. Materials and methods
2.1. Materials

Condensed ricinoleic acid tetraglycerin ester (CR-310), a hydro-
phobic emulsifier, was a gift from Sakamoto Yakuhin Kogyo Co.,
Ltd. (Osaka, Japan). Stearic acid hexaglycerin esters (HS-9 and
HS-11), lauric acid decaglycerin ester (L-7D), and stearic acid deca-
glycerin esters (S-24D and S-28D), all hydrophilic emulsifiers, were
gifts from Mitsubishi Kagaku Foods Corp. (Tokyo, Japan). Gelucire
44/14 and Labrasol (Gattefosse Corp., Saint-Priest, France),
a hydrophilic emulsifier, were gifts from CBC Co., Ltd. (Tokyo,
Japan). Calcein was purchased from Dojindo Laboratories (Kuma-
moto, Japan). Soybean oil, polyvinyl alcohol (PVA; degree of poly-
merization was approximately 500), N-acetyl-L-cysteine, and
polyoxyethylene (10) octylphenyl ether (Triton X-100) were
purchased from Wako Pure Chemical Industries (Osaka, Japan).
QCU-1, 2-hydroxypropyl methyl methacrylate, water-soluble
methacrylate (Quetol-523) and methyl methacrylate were pur-
chased from Nisshin EM (Tokyo, Japan). Other chemicals were of
HPLC or reagent grade.

2.2. Animals

Six-week-old Male Sprague Dawley rats were purchased from
Sankyo Labo Service Corporation, Inc. (Toyama, Japan). The rats
were treated in accordance with the Guidelines for Animal Exper-
imentation from Hokuriku University and were fed standard labo-
ratory chow and had free access to water. Food was withheld from
the rats for 16 h before they were used in the absorption studies.
For in vivo experiments, rats were divided into eight groups, with
each group consisting of four rats (250-285 g body weight).

2.3. Preparation of w/o/w emulsion

Calcein solution (10 mg/ml), an inner water phase, was
prepared by dissolving calcein with 100 mM phosphate-buffered
solution (PBS), pH 7.4, in w/o/w emulsion. Soybean oil (2.50 g)
and CR-310 (1.00 g) were mixed at 60 °C for 15 min to equalize,
and then the mixture was cooled to room temperature. The soy-
bean 0il/CR-310 mixture represented a uniform phase. An aliquot
(1.5 g) of calcein solution (10 mg/ml) was put in the oil phase mix-
ture and was homogenized at 16,000 rpm for 3 min using a Poly-
tron (PT-MR 3100, Kinematica AG, Littau/Luzern, Switzerland) to
make a w/o emulsion. A w/o emulsion without calcein was also
prepared with 100 mM PBS, pH 7.4.

Hydrophilic emulsifier solutions (1.0%, w/v)—i.e., HS-9, HS-11,
S-24D, S-28D, L-7D, Gelucire 44/14, and Labrasol—were prepared
with 5.0% glucose solution using a bath-type sonicator. The hydro-
philic emulsifier solutions (1.0%, w/v) containing PVA (1.0%, w/v)
were also prepared with 5.0% glucose solution. These emulsifier
solutions were used as an outer water phase in the w/o/w
emulsion.

SPG emulsifier apparatus and the setting conditions are shown
in Fig. 1. The w/o emulsion (approximately 5 ml) was infused into a
stainless steel syringe equipped with a shirasu porous glass (SPG)
Membrane Emulsifier (DH-01, SPG Technology Co., Ltd., Miyazaki,
Japan). A 20-ml glass vial containing the outer water phase
(9.0 ml) was set in the SPG device. Three kinds of SPGs (pore size:
0.1, 1.1, and 30 wm), 2.5 cm length and 8 mm inner diameter, were
used to prepare the w/o/w emulsion. The SPG membranes were
preliminarily soaked in a beaker with outer water phase and then

purging speed controller

—

<— stainless steel syringe

<+— w/o emulsion (approximately 5 ml)

<— 20 ml glass vial
| [J<+—— SPG membrane
W< outer water phase (9.0 ml)
stirrer bar (1000 rpm)

Fig. 1. SPG membrane emulsifier.

set to the emulsifier apparatus. The purging speed of the syringe
(the extrusion flow rate of w/o emulsion to the outer water phase)
was set to 0.1, 1.0, and 1.0 ml/h for 0.1, 1.1, and 30-pm pore-sized
SPG membranes, respectively. The stirring speed of the magnetic
bar (15 mm in length) in the 20-ml glass vial was constant at
1000 rpm for all conditions. The working time to prepare the w/
o/w emulsion was at least 1.2 h and 12 h for speeds of 1.0 ml/h
and 0.1 ml/h, respectively. The prepared w/o emulsions are ex-
truded to outer water phase via SPG membrane according to the
purging speed of the syringe. The extruded w/o emulsions are dis-
persed into outer water phase by the shearing stress using a stirrer
bar and interfacial tension between outer water phase and w/o
emulsion phase.

Preparation processes of w/o/w emulsions encapsulating calce-
in in inner water phase and w/o/w emulsions containing calcein in
outer water phase are shown in Fig. 2. Calcein concentration in
both types of w/o/w emulsions was adjusted to 1.0 mg/ml by add-
ing the outer water phase or 5.0% glucose solution containing 1.0%
emulsifier. For all formulations, the preparation of w/o/w emul-
sions in each in vitro experiment was carried out by three
triplicates.

2.4. Calcein concentration in w/o/w emulsion

Prepared w/o/w emulsion (1.5 ml) and chloroform (2.0 ml)
were mixed in a centrifuge tube. The mixture was shaken for
15 min at the maximum speed of a Vortex Shaker (VR-36, Taitec
Corp., Koshigaya, Japan), and thereafter, it was centrifuged at
1600g for 15 min. A mixture of the water phase (20 ul) and
100 mM PBS, pH 7.4, (180 pl), was aliquoted into the wells of a
96-well plate. The fluorescence intensity of the samples was mea-
sured at an excitation (Ex) wavelength of 485 nm and emission
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Fig. 2. Preparation processes of w/o/w emulsions.

(Em) wavelength of 527 nm using a Fluorescent Microplate Reader
(Fluoreskan Ascent CF, Thermo Labsystems AB, Stockholm,
Sweden).

2.5. Leakage of calcein from the inner water phase

The concentrations of calcein that had leaked from the w/o/w
emulsion 1 h, 3 and 7 days after the preparation (F,,¢) were mea-
sured as the calcein concentration at the bottom phase after sepa-
ration of the outer water phase and w/o emulsion. Separation was
carried out by centrifuging according to a method used to measure
encapsulation efficiency [15]. Briefly, the prepared w/o/w emulsion
(1.5 ml) was centrifuged at 16,100g for 10 min. A mixture of the
bottom phase (20 pl) and 100 mM PBS, pH 7.4, (180 ul), was ali-
quoted into the wells of a 96-well plate. The fluorescence intensi-
ties of both samples were measured using a Fluorescent Microplate
Reader. Standard calibration samples were prepared based on both
experimental processes. Total calcein concentration in w/o/w
emulsion (Fya)) Was measured as described in Section 2.4. The

Fiotar Values were all 1.0 mg/ml as shown in Fig. 2, and each
coefficient valiance was less than 3.0%.

The leakage of calcein from the inner water phase of the w/o/w
emulsion was calculated using the following equation:

Leakage of calcein (%) = Fout/Ftotat X 100

where F,,,: and Fyo, represent the fluorescence intensities of calcein
in the outer water phase and in the total water phase of w/o/w
emulsion, respectively.

2.6. Particle size

The particle sizes and weight-weighed average diameter (dw)/
number-weighed average diameter (dn) ratio of oil droplets in w/
o/w emulsions prepared using a 0.1-pum pore-sized SPG membrane
were analyzed using a Submicron Particle Sizer (NICOMPTM 380,
Agilent Technologies, Inc., Santa Barbara, CA, USA) 1 h, 3 and 7 days
after the preparation. All formulations 3 and 7 days after the prep-
aration were stirred for 10 s using a vortex mixer, then were mea-
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sured the particle sizes. Size polydispersity index (PI) is ordinarily
calculated by the ratio of first cumulant value (c¢;) and second
cumulant value (cy), i.e., Pl = c;/c? [16]. In our experiments, the
dw and dn values calculated using a multimodal method (a cumu-
lant analysis) [17,18] were used as the PI. The dw/dn ratio indicates
the degree of polydispersity [19,20]. Namely, the dw/dn =1.00 is
monodispersity. The size distribution range is broad with an in-
crease in dw/dn ratio. The particles of oil droplets prepared using
1.1-um and 30-pum pore-sized SPG membranes were observed
using an optical microscope (Axiovert 40 CFL/HBo 50, Carl Zeiss
Japan, Tokyo, Japan), and the diameter of particles was calculated
with image analysis software, Sigma Scan Pro for Windows (Systat
Software Inc., Point Richmond, CA, USA).

2.7. Turbidity of w/o/w emulsion

The w/o/w emulsions containing HS-11, Gelucire 44/14, L-7D,
S-24D, or S-28D were prepared according to the method described
earlier. As the control sample, w/o/w emulsion without emulsifier
in the outer water phase was also prepared. Each prepared w/o/w
emulsion was placed into a 10-ml centrifuge glass tube. Immedi-
ately, a mixture of the bottom phase (0.1 ml) and 5.0% glucose
solution (0.5-2.0 ml) was aliquoted into the wells of a 96-well
plate, and the absorbance at 650 nm was measured 0, 1 h, 1, 3,
and 7 days after preparation using a Multiplate Reader (Sunrise
Rainbow RC, Tecan Japan Co., Ltd., Kawasaki, Japan), according to
the method of Pirzadeh et al. [21].

2.8. In vivo experiments

Rats were anesthetized with an intraperitoneal injection of ure-
thane (3.0 g/kg). After the hair of the abdomen and the inner upper
arm of the rats were shaved, the rats were kept in a supine position
on an operation plate and secured in place with vinyl tape.

For intravenous (i.v.) bolus injection studies, calcein solution
(1.0 mg/ml) dissolved in 100 mM PBS, pH 7.4, was administered
into the right subclavian vein (0.66 mg/kg). Blood samples
(0.25 ml) were collected from the left subclavian vein 2, 5, 15,
30, 45, 60, 120, 180, 240, 360, and 480 min after administration.
Once blood samples clotted at room temperature, they were cen-
trifuged at 1400g for 15 min in order to obtain serum samples.

For intraduodenal (i.d.) administration studies, the abdominal
incision of rats was made with a surgical knife, and the duodenum
was carefully exteriorized. Calcein solution (1.0 mg/ml) dissolved
in 5.0% glucose solution (for the control group) and w/o/w emul-
sion containing calcein (1.0 mg/ml as the concentration in w/o/w
emulsion) were administered into the duodenum (1.0 mg/kg) with
a 1.0-ml syringe and 22G 1/2” needle. The duodenum was immedi-
ately returned to the abdominal cavity, and the abdominal incision
was closed with a surgical clip. Blood samples (0.25 ml) were col-
lected from the left subclavian vein 0.5, 1, 2, 3, 4, 6, and 8 h after
administration. Serum samples were obtained as described earlier.
The w/o/w emulsions were administered to rats within 2 h after
the solutions were prepared with the SPG device.

2.9. Calcein concentration in serum

A mixture of serum samples (100 pl), 100 mM PBS, pH 7.4,
(80 pl), and 10% Triton X-100 solution (20 pl) was aliquoted into
the wells of a 96-well plate. After shaking, the fluorescence inten-
sity was measured as described earlier.

2.10. Calculation of bioavailability

The BA of calcein after i.d. administration was calculated using
the following equation:

BA (%) = (AUCiq x Dyy)/(AUCyy x Dig) x 100

where AUG;, and AUG4 represent the area under the serum calcein
concentration vs. time curve (AUC) after i.v. and i.d. administration,
respectively. The AUC was calculated using the trapezoidal rule up
to 8 h and with serum calcein concentration. D;, and D4 represent
the calcein dose per kg when the calcein solutions were adminis-
tered i.v. and i.d., respectively.

2.11. Histopathology

Pharmaceutical formulations with surfactants induce infre-
quently mucosal damage, i.e. local toxicity, in intestinal tract
[22]. For the mucosal damage, histopathological assessment is
clear observation, but not enough for cytotoxicity studies. We car-
ried out the studies of mucosal damage according to the method of
Miyake et al. [23]. A portion of the intestine (approximately 3 cm in
length) from the middle of the rat’s small intestine was carefully
excised 8 h after administering 5.0% glucose solution (control)
and three different kinds of w/o/w emulsions, which were pre-
pared by adding HS-11, Gelucire 44/14, or Gelucire 44/14 + PVA
to 5.0% glucose solution. As a positive control for mucosal damage,
a mixture of N-acetyl-L-cysteine (NAC) and Triton X-100 was
administered to rats according to the method of Takatsuka et al.
[24]. Concretely, the mixture solution (0.25 ml) containing 5 mg
NAC and 5 mg Triton X-100 was infused into rat jejunum. The por-
tion of jejunum segments exposed to the mixture solution was
carefully excised at 1h after the administration and then was
washed with 5.0% glucose solution (3 ml). All the dissected intes-
tines were cut into 5-mm pieces with a stainless steel razor blade
(FH-20, Feather, Osaka, Japan). All pieces were placed in a fixative
solution (4.0% paraformaldehyde containing 1.0% glutaraldehyde
dissolved in PBS, pH 7.4) for 4 h at room temperature and agitated
constantly. After discarding the fixative, the intestine pieces were
sequentially incubated in the following solutions under constant
agitation: PBS for 30 min, 50% ethanol for 30 min, 70% ethanol
for 1 h, 90% ethanol for 1 h, 95% ethanol for 1 h, 100% ethanol for
1 h, ethanol/HQM (1:1, v/v) for 1 h, and HQM for 4.5 h. HQM is a
mixture of hydroxypropyl methyl methacrylate/Quetol-523/
methyl methacrylate/QCU-1 (65:10:25:0.1, volume ratio). All of
these procedures were carried out in a total volume of 10 ml at
room temperature. Each piece of intestine was placed into a flat
gelatin capsule (No. 00, Lilly Co., Nisshin EM) filled with HQM, then
cured for 20 h at 60 °C. The resulting block of embedded tissue was
cut into 2-pm thick sections with a glass knife and rotary micro-
tome (PR-50, Yamato Kohki Kogyo, Saitama, Japan). Sections were
mounted onto glass slides and then stained with hematoxylin and
eosin (H&E). After drying, we assessed the stained intestinal sec-
tions for pathological changes and obtained images using a micro-
scope equipped with a digital camera (Axiovert 40 CFL/HBo 50, Carl
Zeiss Japan, Tokyo, Japan).

2.12. Statistical analysis
Statistical analyses were conducted using Tukey test for multi-

ple comparisons and using Student’s t-tests for comparisons be-
tween two groups. The level of significance was set at p < 0.05.

3. Results and discussion
3.1. Effect of emulsifier on droplet size in w/o/w emulsions

The droplet size in emulsions is affected by the type of emulsi-
fier [25] and the blend ratio of two types of emulsifiers [26]. In fact,
the initial (1 h after each preparation) droplet sizes in w/o/w emul-
sions prepared using 0.1-pum pore-sized SPG membranes were dif-
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ferent as shown in Table 1. The initial droplet sizes in emulsions
prepared by adding HS-9, S-28D, or S-24D were remarkably larger
than that in the absence of emulsifier. Those in emulsions prepared
by adding Gelucire 44/14, Labrasol, or L-7D were similar to that in
the absence of emulsifier. The initial droplet size in the emulsion
containing HS-11 was the smallest, being similar to the SPG mem-
brane pore size (0.1 pm). It was reported that the droplet size and
size distribution in emulsions prepared using SPG membranes
were strongly related with membrane wettability (contact angle
between the SPG membrane surface and dispersed phase) [27].
They concluded that the droplet size is independent on the mem-
brane pore size in the condition of contact angle >45°. Therefore, it
is suggested that the reason that HS-9, S-28D, and S-24D were
inconvenient for the preparation of nano-sized emulsions using
SPG membranes is related to the membrane wettability.

In general, the droplet size in emulsions increases gradually
through the process of aggregation and coalescence of dispersed
phase with the progress of the time. Actually, the droplet sizes
7 days after the preparations of w/o/w emulsions increased com-
pared to those of initial droplet sizes. Especially, the size distribu-
tion of w/o/w emulsions with HS-9, S-28D, HS-11, S-24D, or PVA
showed two peaks, suggesting that aggregation or coalescence of
oil droplet was observed. When w/o/w emulsions with HS-9, S-
28D, HS-11, S-24D, or PVA 7 days after the preparation were dis-
persed using a bath-type sonicator for 3 min, the average particle
size of emulsion with HS-11 only was remarkably shifted to small
size (average diameter 326 + 184 nm). On the other hand, no pro-
nounced differences were observed in emulsions with HS-9, S-
28D, S-24D, or PVA. From these results, it is predicted that a part
of aggregated emulsion with HS-11 was reversibly dispersed by
thermodynamic force using a sonicator. And coalescence of oil
droplets may be strongly occurred for emulsions with HS-9, S-
28D, S-24D, or PVA. Although the leakage of calcein from inner
water phase in w/o/w emulsions may increase with operation such
as sonication, the aggregation of oil droplets will be prevented
reversibly. These results suggested that HS-11 was the best emul-
sifier among the seven emulsifiers tested under our experimental
conditions. Droplet size in emulsion is determined by the oil com-
ponent and surfactant but not physicochemical parameters, such
as temperature, viscosity, and interfacial tension [28]. For our w/
o emulsion, soybean oil and CR-310 were used as the oil compo-

Table 1
Average particle size and size distribution of w/o/w emulsions prepared using a 0.1-
pum pore-sized SPG membrane.

Emulsifier HLB m.p. Average particle size (nm) dw/dn
(°Q)
1h 3 days 7 days 1h
None - - 322+65 2047 +1021 3975+1279 1.02
HS-9 9 50-55 1055+179 1272 +280° 1360+355* 1.03
S-28D 10 50-55 1750+229 1992 +549* 2003 +8397 1.02
HS-11 11 50-55 105+20 491+166  638+322* 1.10
S-24D 11  50-55 788+166 1055+446° 1237 +551* 1.03
Gelucire 44/14 14 42-46 31663  501+121 534+115 1.01
Labrasol 14 <0 376+76  380+94 388+86  1.08
L-7D 17 <0 350+58 429+105 572+217 1.02
PVA - >300 319+66  883+107 1212+876" 1.01
HS-11+PVA - - 117+25  242+79 324+186 1.08
Gelucire - - 143+29 206+103 284+116 1.09
44/14 + PVA

HLB, hydrophile-lipophile balance; dw and dn represent weight-weighed average
diameter and number-weighed average diameter, respectively. Melting point (m.p.)
is softened or solidified temperature of compound. PVA (Polymerization degree
about 500) was used as an emulsion stabilizer. The particle sizes were determined
1 h, 3 and 7 days after the preparation. The dw/dn values were calculated from the
particle sizes of 1h after the preparation. Average particle sizes represent
means + SD of three determinations for three different preparations.
¢ Two peaks were observed in size distribution.

nent and the hydrophobic emulsifier, respectively. Therefore, we
presumed that the oil droplet size in the w/o/w emulsion could
be determined by adding a hydrophilic emulsifier to the outer
water phase. Furthermore, the oil droplet size in w/o/w emulsion
also depends on the hydrophilic relationship between the SPG sur-
face and components in the outer water phase. If the outer water
phase components decrease the hydrophilicity of the SPG surface,
then the contact angle of the oil droplet will also increase. There-
fore, when w/o emulsions are passed through a SPG membrane
to the outer water phase, the droplet size in w/o/w emulsions will
increase from the theory of membrane wettability [27].

PVA reportedly acts as a stabilizer for the preparation of nano-
particles [29-31]. To examine how PVA affects the particle size of
oil droplets in w/o/w emulsions, we prepared w/o/w emulsions
containing either HS-11 + PVA or Gelucire 44/14 + PVA. We ob-
served no difference in the initial average particle size of oil drop-
lets in w/o/w emulsions containing HS-11 and those containing
HS-11 + PVA (Table 1), suggesting that the average particle sizes
of both emulsions were the same as the SPG pore size (0.1 um)
and that it was difficult to decrease the droplet size to less than
0.1 um. However, 7 days after the preparation, the average particle
size in w/o/w emulsion with HS-11 + PVA was half the size of that
in w/o/w emulsions with HS-11. Therefore, it appeared that PVA
did not affect the initial droplet size in w/o/w emulsions containing
HS-11, but inhibited the increase in apparent particle size, aggrega-
tion, 7 days after the preparation. On the other hand, the initial
average particle size in the w/o/w emulsion containing Gelucire
4414 + PVA was 143 + 29 nm, which was half the size of particles
in the w/o/w emulsion containing Gelucire 44/14, moreover,
7 days after the preparation, the average particle size in w/o/w
emulsion with Gelucire 44/14 + PVA was half the size of that in
w/o/w emulsions with Gelucire 44/14, suggesting that PVA pro-
moted the release of small droplets in the w/o emulsion from in-
side of the SPG membrane to the outer water phase and
inhibited an increase in particle size in time dependent. One possi-
ble reason for the decreased droplet size is that the outer water
phase containing Gelucire 44/14 + PVA decreased the contact angle
of the oil droplet onto the SPG surface. From these results, we con-
cluded that HS-11 and Gelucire 44/14 were good hydrophilic emul-
sifiers for preparing w/o/w emulsions.

3.2. Effect of emulsifier on calcein release from the inner water phase

Table 2 shows the leakage of calcein from the inner water phase
of various w/o/w emulsions encapsulating calcein. When an emul-
sifier was not added to the outer water phase, calcein leakages
from the w/o/w emulsion at 3 and 7 days were 38.2 +4.4% and
45.6 + 4.3%, respectively. Calcein leakages in w/o/w emulsions with
HS-9, S-28D, S-24D, Gelucire 44/14, PVA, or Gelucire 44/14 + PVA 3
and 7 days after the preparations were significantly low compared
with that in w/o/w emulsions without surfactant in outer water
phase. The results shown in Tables 1 and 2 indicate that calcein
leakage increased as droplet size in the w/o/w emulsion decreased.
There is an interesting theoretical relationship between particle
size and calcein leakage except for w/o/w emulsion with Gelucire
44[/14: when the volume of the oil phase remains the same, the
surface area tangent to the outer water phase increases as droplet
size of the emulsion decreases. Therefore, calcein leakage from
w/o/w emulsions containing HS-9, S-28D, or S-24D was small com-
pared to calcein leakage from those containing other emulsifiers.

Calcein leakage from oil droplets in the w/o/w emulsion con-
taining Gelucire 44/14 decreased remarkably at 1 h, 3 and 7 days.
However, the calcein leakage from emulsions containing Gelucire
44/14 + PVA was greater than that from emulsions containing
Gelucire 44/14. Although the inhibitory effect of PVA on calcein re-
lease from oil droplets in the w/o/w emulsions was not observed,
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Table 2
Leakage of calcein from the inner water phase of w/o/w emulsions encapsulating
calcein 1 h, 3 and 7 days after the preparation.

Emulsifier Leakage of calcein (%)
1h 3 days 7 days

None 12.7+3.2 38.2+44 456+43
HS-9 58+1.4" 122+2.0° 16.6 +2.3"
S-28D 47409 9.6+19° 11.7+2.1°
HS-11 18.2+3.7 33.5+5.1 40.1+3.9
S-24D 5.0+0.6" 98+16 13.0+24"
Gelucire 44/14 33+08" 79+12" 94+18"
Labrasol 104+28 22.0+6.8 26.1+33
L-7D 11.2+33 355+6.7 419+54
PVA 11.8+35 18.2+4.6" 214+25"
HS-11 + PVA 10.1+£4.2 36.9+4.4 433+48
Gelucire 44/14 + PVA 83+22 204+4.8" 263+1.7"

A 0.1-pm pore-sized SPG membrane was used to prepare the w/o/w emulsions. PVA
was used as an emulsion stabilizer. Data represent the means + SD of three deter-
minations for three different preparations.

" p<0.05 vs. emulsifier none group by Tukey test.

the theory between particle size and calcein leakage also can be
used to explain the increase in calcein leakage from the w/o/w con-
taining Gelucire 44/14 + PVA. Furthermore, calcein leakage from oil
droplets in the w/o/w emulsion containing HS-11 was similar to
that from the w/o/w emulsion lacking an emulsifier, even though
the droplet size of the HS-11 w/o/w emulsion was very small. This
suggests that HS-11 inhibits calcein release from oil droplets in the
w/o/w emulsion. Especially, the calcein leakages in w/o/w emul-
sions with Gelucire 44/14 and with HS-11 were relatively related
to not only the average droplet size but also the distribution char-
acteristics of surfactants maintaining tightly w/o particles in w/o/
w emulsions.

From the calcein leakage results, we concluded that Gelucire
44/14 was the best emulsifier for preparing w/o/w emulsions.

3.3. Turbidity changes in w/o/w emulsions

In general, we observed phase behavioral changes, such as
creaming, aggregation, and coalescence of droplets in emulsions
under steady-state conditions. Especially, nano-sized emulsions
are thermodynamically unstable compared to micron-sized emul-
sions [9]. Nano-sized soybean oil droplets encapsulating the water
phase (w/o emulsions) were thought to move toward the upper
phase during steady-state conditions. Thereafter, the appearance
of the bottom phase of the w/o/w emulsion may gradually change
from being white turbid to translucent or transparent. In fact, the
turbidity of the bottom phase in the w/o/w emulsion lacking emul-
sifiers rapidly decreased (Fig. 3). On the other hand, the turbidity of
the bottom phase in w/o/w emulsions containing emulsifiers
slowly decreased, depending on the time elapsed. The turbidity
changes of emulsions containing HS-11 in experimental duration
were less than those of the control sample and emulsions with
other emulsifiers. Moreover, the turbidity change in the emulsions
with HS-11 showed a characteristic profile, that is, the turbidity
change proportionately decreased dependent on the time. The dif-
ferences of the turbidity change between 3 days and 7 days in
emulsions with HS-11 and Gelucire 44/14 were 21.0% and 9.7%,
respectively. In contrast, the differences of the turbidity change
of emulsions with L-7D, S-24D, or S-28D were less than 4% in the
same interval of 3-7 days. These results indicated that the move-
ment toward the upper phase (creaming) of oil droplets in emul-
sions with HS-11 was slower than those in other emulsions. The
turbidity change may be related to the aggregation mechanism of
oil droplets. Because a part of emulsions with HS-11 was redi-
spersed with sonication (Section 3.1). Namely, it seems that oil
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Fig. 3. Turbidity changes in w/o/w emulsions in the absence and presence of
emulsifiers. Each surfactant (1.0%, w/v) was added to outer water phase for the
preparation of w/o/w emulsions encapsulating calcein. Calcein concentrations in w/
o/w emulsions were all adjusted to 1.0 mg/ml. The without emulsifier formulation
indicated in symbol does not contain a surfactant in outer water phase. Each data
point represents the mean of three determinations for three different preparations.
Standard deviations were too small to display.

droplets in emulsions with HS-11 might be difficult to be mutually
interacted compared with emulsions containing other emulsifiers.
Thus, it is considered that the interparticle interaction of oil drop-
lets is closely related to the stability of emulsions. Therefore, it is
concluded that HS-11 enhanced the thermodynamic stability of
the w/o/w emulsions in this experimental section.

3.4. Effect of emulsifier on intestinal absorption of calcein

On the basis of the droplet size results, calcein leakage, and tur-
bidity changes in w/o/w emulsions containing various emulsifiers,
we selected w/o/w emulsions containing HS-11, Gelucire 44/14,
and Gelucire 44/14 + PVA for the in vivo absorption experiments in
rats. Calcein solution (1.0 mg/ml) was used as a control formulation.
Stability of the w/o/w emulsions such as prevention of calcein leak-
age must be guaranteed in in vivo experiments. Because the calcein
leakage from w/o droplets will be a negative factor for the absorp-
tion-enhancing effect of emulsifiers on the intestinal absorption of
calceininrats. The w/o/w emulsions were administered to rats with-
in 2 h after the preparation based on the method that the sampling
period in pharmacokinetics studies was set to 8 h. Namely, it was
considered that the influence of stability of the w/o/w emulsions
for the intestinal absorption of calcein will be almost disregarded
based on the results of changes in turbidity after 24 h.

Fig. 4 shows the serum calcein concentration vs. time profile
after i.d. administration of 1.0 mg/kg calcein solution and three
kinds of w/o/w emulsions encapsulating calcein. After the admin-
istration of calcein solution (control), the maximum serum calcein
concentration, Ciax, Was 13.7 + 5.4 ng/ml. Thereafter, calcein grad-
ually disappeared from the systemic circulation. The serum calcein
concentration vs. time profile obtained after the administration of
w/o/w emulsion containing Gelucire 44/14 was similar to that ob-
tained from the control experiment. On the other hand, serum cal-
cein concentrations after administration of wj/o/w emulsions
containing either HS-11 or Gelucire 44/14 + PVA were higher than
those obtained from the other formulations. Especially, Cy.x of cal-
cein from the HS-11 and Gelucire 44/14 + PVA formulations were
118 £+47 ng/ml and 88.5+20.3 ng/ml 90 min and 30 min after
administration, respectively. Furthermore, BA values after the
administration of calcein solution and w/o/w emulsions containing



K. Koga et al./European Journal of Pharmaceutics and Biopharmaceutics 74 (2010) 223-232 229

180 r

é 160 T —O— Control

c

c 140 —&— w/o/w emulsion with HS-11
S

° 120 + * —DO— w/0/w emulsion with Gelucire
)

c 44/14

= 100 f —®— w/0/w emulsion with Gelucire
2 44/14 + PVA

pre]

s

]

c

©

o

c

<)

o

£

o

o

©

(&)

10

Time (h)

Fig. 4. Serum calcein concentration vs. time profiles after intraduodenal adminis-
tration into rats. The dose of calcein was 1.0 mg/kg. Each surfactant (1.0%, w/v) and
PVA (1.0%, w/v) was added to outer water phase. Control formulation was 1.0 mg/
ml calcein solution, and others were w/o/w emulsions encapsulating calcein.
Calcein concentrations in w/o/w emulsions were all adjusted to 1.0 mg/ml. Each
data point with error bar represents the mean + SD of four experiments for same
preparation. *p < 0.05 vs. control group; Tukey test.

HS-11, Gelucire 44/14, or Gelucire 44/14 + PVA were 1.84 + 0.4%,
12.2+5.9%, 2.8+0.5%, and 8.0 +3.3%, respectively. The w/o/w
emulsions containing either HS-11 or Gelucire 44/14 + PVA signif-
icantly enhanced calcein absorption from rat small intestine. These
results suggest that the absorption-enhancing effect of emulsifiers
on the intestinal absorption of calcein may be ascribed to the drop-
let size effect in the w/o/w emulsions but not to the type of emul-
sifiers used, because the serum calcein concentrations were
enhanced by the wjo/w emulsion containing Gelucire 44/
14 + PVA (initial average particle size: 143 nm) but not by the w/
o/w emulsion containing Gelucire 44/14 (initial average particle
size: 316 nm). It is difficult to clarify whether PVA inhibited the re-
lease of calcein from w/o droplets in the w/o/w emulsions or not.
Because from the results in Tables 1 and 2, the difference of the
particle size of w/o droplets will affect certainly the calcein leakage
from the w/o droplets. As the theoretical hypothesis based on cal-
culation, the ratio of both average particle sizes was 2.2 (316/143).
Since the volume of oil phase in w/o/w emulsions is same, the ratio
of surface area per droplet was 4.8 (as the surface of one droplet’s
sphere), the ratio of oil droplet number per w/o/w emulsion vol-
ume was 0.094 (as a volumetric ratio which divided w/o emulsion
volume by one droplet volume), and the ratio of total surface area
per w/o emulsion volume was calculated to be 0.45. On the other
hand, the ratio of initial calcein leakage in w/o/w emulsions with
Gelucire 44/14 in the absence and presence of PVA was 0.40
(=3.3/8.3). The initial calcein leakage ratio (0.40) calculated from
both w/o/w emulsions with different average particle size was
similar to the total surface area ratio (0.45). Therefore, the calcu-
lated data suggested that PVA did not significantly inhibit the leak-
age of calcein from the w/o droplets. We thus predicted, based on
droplet size, that oil droplets in the w/o/w emulsion containing
Gelucire 44/14 may be unstable as the phase behavioral changes
such as aggregation in the intestinal tract. Moreover, PVA worked
not only as an emulsifier stabilizer, but also maintained the size
of oil droplets in the intestinal tract after i.d. administration.

3.5. Effect of droplet size on intestinal absorption of calcein

How the emulsifiers influenced the intestinal absorption of cal-
cein in rats led us to focus on the droplet size in w/o/w emulsion.
Thus, we performed comparative studies investigating the effect of

droplet size in w/o/w emulsions containing Gelucire 44/14 + PVA,
but using different pore-sized SPG membranes. The average parti-
cle sizes of oil droplets in w/o/w emulsions prepared using 0.1-,
1.1-, and 30-pum pore-sized SPG membranes were 0.143 + 0.029,
5.15+1.02, and 13.9 £ 3.3 um, respectively. Fig. 5 shows the serum
calcein concentration vs. time profile after i.d. administration of
different sized w/o/w emulsions encapsulating calcein (1.0 mg/kg
calcein). After administration of w/o/w emulsions prepared with
1.1-pm and 30-pm pore-sized SPG membranes, the serum calcein
concentrations were significantly lower than that obtained with a
0.1-um pore-sized SPG membrane. The serum calcein concentra-
tion vs. time profiles after the administration of emulsions pre-
pared with 1.1-pum and 30-pm pore-sized SPG membranes were
almost the same as that obtained with calcein solution (Fig. 4).
These results clearly show that oil droplet size is an important fac-
tor for enhancing the absorption of calcein. There are two possible
absorption-enhancing mechanisms to explain how the oil droplets
encapsulating calcein in w/o/w emulsion were rapidly absorbed:
(1) via a paracellular route, and/or (2) via an intracellular route.
Nanoparticles prepared with chitosan, as a drug carrier, are effec-
tively permeated via a paracellular pathway [32,33], whereas latex
nanoparticles [34] and nanogel containing folate [35] are remark-
ably permeated via a transcellular pathway. To the best of our
knowledge, reports concerning the intestinal absorption mecha-
nism of drugs through w/o/w emulsions do not exist. Our results,
however, are supported by the finding that insulin absorption by
rat small intestine depends on droplet size in a w/o/w emulsion
[36]. Therefore, we concluded that the absorption-enhancing effect
of w/o/w emulsions on calcein was strongly dependent on the oil
droplet size.

3.6. Effect of encapsulating site on intestinal absorption of calcein

The observation that oil droplet size in w/o/w emulsions deter-
mined the absorption-enhancing effect on calcein from the rat
small intestine prompted us to investigate how the encapsulating
site affects the intestinal absorption of calcein under constant
droplet size conditions. Two w/o/w emulsion formulations—(1)
encapsulating calcein in the inner water phase and (2) dissolving
calcein in the outer water phase—were prepared using a 0.1-pm
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Fig. 5. Serum calcein concentration vs. time profiles in rats after intraduodenal
administration of w/o/w emulsions containing Gelucire 44/14 + PVA prepared using
three kinds of SPG membranes (0.1, 1.1, and 30 pum pore size). All formulations were
w/o/w emulsions encapsulating calcein. Calcein concentrations were all adjusted to
1.0 mg/ml. The dose of calcein was 1.0 mg/kg. Each data point with error bar
represents the mean + SD of four experiments for same preparation. *p < 0.05 vs.
0.1-pm pore-sized SPG group; Tukey test.
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Fig. 6. Serum calcein concentration vs. time profiles in rats after intraduodenal
administration of w/o/w emulsion encapsulating calcein and w/o/w emulsion in
which calcein was dissolved in the outer water phase. The w/o/w emulsions were
prepared by adding Gelucire 44/14 + PVA to outer water phase. Calcein concentra-
tions were all adjusted to 1.0 mg/ml. The dose of calcein was 1.0 mg/kg. Each data
point with error bar represents the mean+SD of four experiments for same
preparation. *p < 0.05; Student’s t-test.

pore-sized SPG membrane. The purpose of this experiment was to
determine whether the encapsulation of calcein in w/o/w emulsion
is critical for enhancing the intestinal absorption of calcein. Fig. 6

shows the serum calcein concentration vs. time profiles after
administration of the w/o/w emulsions prepared by adding calcein
in the inner or outer water phase. The calcein concentration in ser-
um after the administration of w/o/w emulsion containing calcein
in the outer water phase was significantly low compared to that of
the w/o/w emulsion encapsulating calcein, almost similar to the
control experiment (calcein solution; Fig. 4). BA value after the
administration of the w/o/w emulsion containing calcein in outer
water phase was 1.4-fold of that after the administration of control
formulation, and was 0.33-fold of that after the administration of the
w/o/w emulsion encapsulating calcein. Therefore, it became clear
that calcein must be encapsulated into the oil droplets to enhance
the intestinal absorption of calcein. On the other hand, there are
reports that medium chain fatty acids such as caprylate (C8), caprate
(C10) and laurate (C12) enhanced the intestinal membrane perme-
ability of hydrophilic compounds via paracellular route [37,38].
However, soybean oil consists of oleic acid, linoleic acid, linolenic
acid, palmitic acid, and their glycerides. Therefore, it is thought the
difficulty that the permeation of oil droplets encapsulating calcein
was enhanced via paracellular route in rat intestinal tract.

The finding that serum calcein concentration increased due to
the encapsulation of calcein suggested that oil droplets encapsulat-
ing calcein permeated the intestinal mucosa via a transcellular
pathway in rat. This idea is consistent with the finding that phago-
cytosis, one transcellular pathway, represents the absorption path-
way of oil droplets, such as soybean oil, are absorbed by the

Fig. 7. Representative histological sections of intestinal segments treated according to (A) control, (B) HS-11, (C) Gelucire 44/14, (D) Gelucire 44/14 + PVA, and (E) positive
control conditions (H&E stain x 100). (For interpretation of the references to colours in this figure legend, the reader is referred to the web version of this paper).
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intestinal tract, liver, spleen, abdominal cavity, etc. [39,40].
Although the precise absorption mechanism of the prepared
nano-sized w/o/w emulsions from rat small intestine is unknown
in the present studies, on the basis of the hydrophobic characteris-
tic of oil droplets, we believe that nano-sized emulsion encapsulat-
ing calcein may be mainly absorbed via a transcellular pathway.
Further investigations are required to prove this concept, and we
focus attention on the problem in the next experimental theme.

3.7. Histopathological observations

Gelucire 44/14 is a safe surfactant that conforms to the 2005
European Pharmacopoeia 5th Edition and that has been used in glob-
ally approved pharmaceutical products. HS-11 is also a safe surfac-
tant that has been used as a common food additive. However, we
have to consider the mucosal damage by these emulsifiers in the
intestinal tract. Some surfactants damage the intestinal epithelium
and show enhanced membrane permeability; however, the dam-
age is reversible [24]. The permeability of calcein through damaged
intestinal mucosa is higher than that through intact epithelium.
Therefore, we examined the damage in epithelial membranes
through histopathological analyses.

Fig. 7(A-D) shows images of intestinal segments 8 h after i.d.
administration of 5.0% glucose solution (control), and after i.d.
administration of w/o/w emulsions containing HS-11, Gelucire
44/14, or Gelucire 44/14 + PVA. As a positive control of mucosal
damage, the image of intestinal segment 1 h after i.d. administra-
tion of solution containing NAC and Triton X-100 was observed
as a decidual alteration in the epithelial membranes (Fig. 7E). On
the other hand, the epithelial membranes treated with the three
kinds of w/o/w emulsions were free of gross damage, such as abra-
sion and atrophy of the epithelium, strongly suggesting that the
absorption-enhancing effect of w/o/w emulsions containing HS-
11 and Gelucire 44/14 + PVA does not cause mucosal damage.

4. Conclusions

The present study investigated the formulation design of w/o/w
emulsions with the purpose of enhancing intestinal absorption of
calcein, a model BCS class Il compound. The oil droplet sizes in
the w/o/w emulsions containing different hydrophilic emulsifiers
showed remarkable differences when 0.1-pm pore-sized SPG mem-
branes were used to prepare the emulsions. PVA efficiently refined
the size of oil droplets in the w/o/w emulsion containing Gelucire
44/14. We performed in vivo rat absorption studies and evaluated
the resulting serum calcein concentration vs. time profiles after
i.d. administration of w/o/w emulsions containing HS-11 and
Gelucire 44/14 as hydrophilic emulsifiers. The results of these anal-
yses showing the effects of oil droplet size and encapsulation in the
w/o/w emulsion system on the intestinal absorption of calcein
clearly demonstrated that HS-11 and Gelucire 44/14 + PVA are safe
outer water phase additives and that using a 0.1-pum pore-sized SPG
membrane is important for preparing w/o/w emulsions capable of
enhancing the intestinal absorption of calcein.
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