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Evaluation of entrapping efficiency is difficult for an o/w emulsion
formulation containing a lipophilic oily drug, isocarbacyclin methyl
ester (TEI-9090), by commonly employed techniques (dialysis, ul-
trafiltration, or gel filtration), because of its adsorption to the system
materials. Employing this characteristic of TEI-9090, we developed
an adsorption technique with polydimethylsiloxane-coated glass
beads (PDMS-GB). The assay is based on the quantitative adsorp-
tion of unentrapped TEI-9090 to the PDMS-GB. The entrapping
efficiency of a 10% soybean oil emulsion containing *H]TEI-9090 (1
ng/mL) assayed by this method approached 100%. The PDMS-GB
assay was performed for the emulsion diluted 100 times with phys-
iological saline at different time intervals after dilution over a period
of 24 hr. A plot of [*'H]TEI-9090 in the emulsion particles versus time
showed rapid release within 1 hr, followed by very slow release,
reaching equilibrium. Applying first-order kinetics, the data were
found to fit to a biexponential equation over the first hour of release.
The terminal release resembled the first-order release of the drug
from the phospholipid-rich infranatant, which was separated from
the creamy layer by ultracentrifugation of the emulsion and con-
tained 35% [PHITEI-9090. These resuits suggest that the drug is
released from two components in the emulsion.

KEY WORDS: drug delivery; emulsion; entrapping efficiency; poly-
dimethylsiloxane; glass beads; kinetics.

INTRODUCTION

Parenteral oil-in-water (o/w) emulsions can improve the
therapeutic efficacy of drugs (1-5), and successful clinical
use of this dosage form has recently been achieved (6-8).
The lipophilic modification of drugs, to yield prodrugs,
should ensure high entrapment in the oil droplets of emul-
sions (1,9). Recently it was shown that an o/w emulsion for-
mulation of isocarbacyclin methyl ester, TEI-9090 (10)
(Scheme I), dramatically increased its in vivo antithrombotic
activity compared with the corresponding aqueous solution
1.

The entrapping efficiency of an o/w emulsion formula-
tion of a drug might become an important issue in determin-
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Scheme I. Chemical structure of [*PH]TEI-9090. (+) Labeled position
of *H.

ing its biological activity, in addition to pharmaceutical char-
acteristics. Although dialysis (9,12), ultrafiltration (13), and
gel filtration (14) techniques have commonly been employed,
it is difficult to apply these techniques to some lipophilic
drugs, such as TEI-9090, because of their adsorption to the
dialysis tubes, filters, or resins. This study was designed to
establish an alternative method to evaluate rapidly and quan-
titatively the entrapping efficiency of an emulsion containing
TEI-9090, using as an adsorbent, glass beads coated with
polydimethylsiloxane (PDMS-GB). Furthermore, using this
assay, the drug release profile of the emulsion formulation
was characterized.

MATERIALS AND METHODS

Chemicals. 11-B-[*HJTEI-9090 (sp act, 0.67 TBg/mmol;
>99% pure) and the unlabeled compound were kindly do-
nated by Teijin Co., Ltd., Tokyo. Egg yolk lecithin (Asahi
Chemical Industry Co., Tokyo), soybean oil (Ajinomoto Co.,
Inc., Tokyo), and glycerin (Kozakai Pharmaceutical Co.,
Ltd., Tokyo) were intravenous grade. Polydimethylsiloxane
(PDMS) was purchased from Fuji Systems Corp. (Tokyo).
All other chemicals and solvents were analytical grade and
were obtained commercially.

Preparation of PDMS-Coated Glass Beads (PDMS-
GB). Ten milliliters of PDMS solution was diluted to 500 mL
with MeOH. Four hundred grams of glass beads (Toshin-riko
Co., Tokyo; 1.0- to 1.4-mm diameter) was washed, dried
well, and soaked in the PDMS solution for 24 hr at room
temperature. After decantation, the glass beads were
washed with 500 mL of MeOH and dried at 40°C. Then the
glass beads were heated at 100°C for 1 hr to complete bond-
ing of PDMS to the glass surface.

Preparation and Fractionation of an o/w Emulsion
Containing [*H]TEI-9090. An o/w emulsion containing
(*H)TEI-9090 was prepared with a French press (Aminco
Instrument Co., MD) (15,16). In brief, a mixture of 1000 mg
of soybean oil containing 10 pg of [PHJTEI-9090 and unla-
beled TEI-9090, 120 mg of egg yolk lecithin, 221 mg of glyc-
erin, and a sufficient volume of distilled water to make a final
volume of 10 mL was dispersed in a French pressure cell
(2.5-cm inner diameter) at 28,000 psi. The particle size dis-
tribution was determined by photon correlation spectros-
copy (Nicomp Model 370, Nicomp Instruments, Division Pa-
cific Scientific, CA). Fractionation of the emulsion into the
triacylglycerol-rich creamy layer and the infranatant was
carried out by the ultracentrifugation method of Hajri et al.
(17). Total phospholipid and triacylglycerol concentrations
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were determined using the enzymatic colorimetric Kits,
Phospholipid C-Test Wako (Wako Pure Chemical Industries,
Ltd., Osaka, Japan) and Anasolv TG-2 (Daiichi Pure Chem-
icals Co., Ltd., Tokyo), respectively.

PDMS-GB Assay. Standard solutions of PH]TEI-9090
were prepared by placing 10 pL of EtOH stock solutions in
physiological saline to make a final volume of 1 mL in 3-mL
glass assay tubes with polypropylene caps. Dilution of the
emulsions with saline was carried out in the same manner in
which the standard solutions were prepared. Assay was ini-
tiated by adding 3 g of PDMS-GB to the assay tube contain-
ing the sample at room temperature (Fig. 1). After shaking
the tube vigorously for 15 sec, the assay was terminated by
withdrawing a 0.1-mL aliquot. Eppendorf Comfortips used
for sampling the aliquot were washed routinely with 0.2 mL
of EtOH, which was placed in a counting vial containing the
aliquot and 10 mL of Instagel (Packard Instruments Co., IL).
The radioactivity was counted in a liquid scintillation
counter (LS 6000 TA, Beckman Instruments Inc., CA). To
determine the amount of [PHJTEI-9090 adsorbed to the assay
tubes, after discarding the contents, the radioactivity in 1
mL of EtOH wash from the inner wall was counted.

The stability of PHJTEI-9090 was checked by high-
performance liquid chromatography (HPLC). The HPLC
system consisted of an Auto-Analytical HPLC system (Gil-
son Medical Electronics Inc., France) and a Ramona LS-90
radiodetector (Raytest Isotopenemefigerite GmbH, Ger-
many) operated at 2 mL/min of the liquid scintillator, Insta-
gel. A Lichrosorb RP-18 column (4 X 250 mm, 7 pm; E.
Merck, Darmstadt, Germany) was used, and gradient elu-
tions of acetonitrile/water/acetic acid from 50:50:0.1 to 100:
0:0.1 (v/v) in 20 min at a flow rate of 1 mL/min were per-
formed. Ten microliters of [PHITEI-9090 emulsions was di-
luted with tetrahydrofuran to 0.1 mL, and a 20-ul aliquot was
injected.

Recovery Test to Determine Drug Adsorption to the
Glass Assay Tubes. The simple recovery tests were per-
formed, without PDMS-GB assay, as follows. The radioac-
tivity in the diluted emulsion containing [PH]TEI-9090, pre-
pared as described above, was determined by counting a
0.1-mL aliquot at different time intervals after dilution. The
same evaluation of a 1 pg/mL EtOH solution of [PH]TEI-
9090 was also performed in a control study.

Partition Coefficient Determination. A sufficient vol-
ume of physiological saline was added to 1.0 g of soybean oil
solution containing 10 pg/g of [*HITEI-9090 to make a final
volume of 10 mL. The oil/water mixture was shaken for 24 hr
at room temperature and centrifuged at 3500 rpm for 20 min.
The radioactivity concentrations in the oil and aqueous lay-
ers were determined to calculate the partition coefficient
PC).

[ *HITEI-9090 solution
or o/w emulsion

Shake

PDMS-GB

Fig. 1. Setup for PDMS-GB assay for [PH]TEI-9090 solution or an
o/w emulsion. See the text for details.

Minagawa, Kohno, Suwa, and Tsuji

RESULTS AND DISCUSSION

TEI-9090 is a stable prostaglandin I, analogue, first syn-
thesized by Shibazaki et al. (10), which is practically insol-
uble in water and is liable to be adsorbed to polymer mate-
rials as well as to glass. When 10 ng of PH]TEI-9090 was
added to 1 mL of physiological saline in the glass tubes, 42%
of the total radioactivity was adsorbed to the tubes (Table I).
Then, employing this characteristic of TEI-9090, we con-
ceived an adsorption technique to evaluate the entrapping
efficiency of its o/w emulsion formulation.

Of all the polymers examined, silicone materials ad-
sorbed TEI-9090 to the highest degree, even higher than
glass. This prompted us to utilize silicone as the adsorbent,
since it could suppress adsorption of the drug to the glass
wall. Thereby, glass beads coated with the silicone polymer
PDMS, which had enough surface area to adsorb the drug
and sufficient weight to sink quickly, were examined in the
following experiments.

Standard Assay

The optimum amount of PDMS-GB and assay time were
first determined with a saline solution of [PH]TEI-9090. Ad-
sorption of [*'H]TEI-9090 increased as the amount of PDMS-
GB added was increased (Table I). When more than 2.0 g of
the glass beads was added, the residual radioactivity ad-
sorbed to the assay tubes was less than 1.0% of the drug
added. However, 3.0 g of the beads was the upper limit in the
3-mL assay tube to remove 0.1 mL of the upper solution
accurately without any disturbance by the glass beads. Ad-
sorption of [*HJTEI-9090 to PDMS-GB almost reached sat-
uration in 15 sec, and adsorption to the assay tubes was
negligible (data not shown).

The standard curve for PH]TEI-9090, assayed under the
optimum conditions described above, was linear for the ad-
dition of up to 1000 ng. The linear regression equation was

Y = 0.749X + 1.585 1)

with a correlation coefficient of 0.999. Therefore, for up to
1000 ng of the [PH]JTEI-9090 assayed, about 75% of the drug
was constantly adsorbed to PDMS-GB. The residual quan-
tity might exist to the aqueous phase in equilibrium with the
adsorbed drug. Using the standard curve, the apparent

Table 1. Optimum Amount of PDMS-GB for the Assay?

[*HITEI-9090 (%)°

Amount of

PDMS-GB Adsorbed to Residue in the

added (g) PDMS-GB* assay tubes?
0 — 42 =+3
1.0 67 = 4 25+04
2.0 71 +3 09 +02
3.0 83 1 0.3 0.1

“ Ten nanograms of [PH]TEI-9090 was added to the tubes and ex-
periments were carried out using an assay time of 15 sec.

® Each value represents the mean + SD of three samples.

¢ Percentage calculated from the difference in radioactivity between
the total and the assayed solutions.

4 Percentage of radioactivity in the EtOH wash from the used tubes.
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amount of [PH]TEI-9090 in the aqueous phase (S,,, — Ssup)
can be revised to the true amount (Sg), by the following
equation:

_ (Stor — Ssup) —a

St A

[ng] 2

where S, is the total radioactivity, S, is the amount of the
drug in the assayed solution in the assay tube, and a and b
are the intercept (1.585) and slope (0.749) of the standard
curve, respectively. To determine the entrapping efficiency
of the o/w emulsion (E), the difference between S,,, and S;
can be established [Eq. (3)].

E=[1-2"]x100 [%] ?3)
Stot

Entrapping Efficiency of the 10% Soybean Oil Emulsion
Containing [*H]TEI-9090

PDMS-GB assay for three batches of the 10% soybean
oil emulsions containing [*HJTEI-9090 was carried out. In
the course of the assay procedure, the mean particle diam-
eters of the emulsions were not changed (Table II), and de-
struction of [PH]JTEI-9090 was not observed on RI-HPL.C
(Fig. 2). The entrapping efficiency was almost 100%, and the
amount of drug in the aqueous phase of the emulsion was
negligible (Table IT). These results indicate that PDMS-GB
did not change the characteristics of the emulsion, or remove
TEI-9090 from the emulsion particles, or degrade the drug.

PDMS-GB Assay for the Emulsion Diluted with Saline

A drug-containing o/w emulsion is often diluted in par-
enteral nutrition for intravenous injection in clinical applica-
tions. For an emulsion containing [PH]TEI-9090 diluted 100
times with saline, PDMS-GB assay was performed at differ-
ent time intervals after dilution. Figure 3 shows a plot of the
drug entrapment of the emulsion versus time after dilution.
[*HITEI-9090 in the particles was decreased rapidly within 1
hr, and equilibrium was established over a period greater
than 1 hr. In general, release patterns under nonsink condi-
tions were analyzed applying first-order kinetics (18,19). The
line in Fig. 3B was generated from the parameters deter-
mined by a computer fit of the data to the following biexpo-
nential equation using PC-NONLIN (Statistical Consultants
Inc., Lexington, KY):

A — A, = 3.6le™ 042 4 (75000057 @)

Table 11. Entrapping Efficiency of the 10% Soybean Oil Emulsion
Containing [*H]TEI-9090 and Influence of PDMS-GB on the Particle
Size Distribution

Particle size (nm)“
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Fig. 2. HPLC of [*H]JTEI-9090 in 10% oil emulsion before (A) and
after (B) the PDMS-GB assay. The PDMS-GB assay and HPLC
procedure were performed under standard conditions as described
in the text.

where A is the amount of [*H]TEI-9090 in the emulsion par-
ticles and A is the amount at steady state (6.30 ng).

The partition coefficient (PC) of PH]TEI-9090 into the
soybean oil and saline was found to be 1300. The volume
ratio of the soybean oil (d = 0.926) to the aqueous phase in
the 1/100 emulsion was 1/926. The drug in the oil droplets can
be calculated to be 5.80 ng in the case of the 1/100 emulsion.
However, A, was obviously higher than the amount in the
oil droplets calculated from the PC. This fact revealed that
the entrapment and release of the drug cannot be explained
with a simple two-phase model of the oil and aqueous phase
(20). Therefore, other mechanisms by which the release ki-
netics in the present study can be explained must be pro-
posed.

Hajri et al. (17), Westesen and Wehler (21), and Roten-
berg et al. (22) have reported that the parenteral o/w emul-
sion contains phospholipid vesicles as well as oil droplets.
When we carried out fractionation of the emulsion contain-
ing PHITEI-9090 by the ultracentrifugation method (17),
phospholipid-rich infranatant, separated from floating

(A) (8)

Entrapment
No. (%) Control Assayed
1 100.3 218 = 73 237 = 85
99.9 220 = 75 224 = 70
3 100.2 235 = 64 224 = 76

% Each value represents the mean diameter = SD.
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Fig. 3. Plot of the amount of drug in the emulsion particles versus
time (A) and semilogarithmic plot of data within 1 hr (B). The emul-
sion containing [*H]TEI-9090 was diluted 100 times with saline. The
line in B was generated by a computer fit of the data according to
Eq. (4). Each point represents the mean = SD of three samples.
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Table III. Chemical Composition of Fractions Prepared from the
10% Soybean Oil Emulsion Containing [*H]TEI-9090 by Ultracen-

trifugation
Percentage®
Cream Infranatant
Radioactivity 670 351
Triacylglycerols 84+ 4 101
Phospholipids 72+5 301

“ Percentage of total amount of radioactivity, triacylglycerols, and
phospholipids in the o/w emulsion containing 1 pg/mL [PHIJTEI-
9090, respectively. Each value represents the mean + SE of three
samples.

creamy emulsion particles, contained 35% [*H]TEI-9090, as
shown in Table II1. For the infranatant thus obtained, PDMS-
GB assay was carried out after 100 times dilution with saline
in the same manner as for the emulsion. As shown in Fig. 4,
(*H]ITEI-9090 in the infranatant was released slowly, and
equilibrium was established over a period of 4 hr. Analysis
applying first-order kinetics gave the following equation:

A -4, = 0.23¢ ~ 0-0067 )
where A, is the amount of unreleased drug in the infranatant
and A;_is the amount at steady state (2.75 ng).

The release rate constant, 0.0067 min~' in Fig. 4, re-
sembled the terminal release rate constant (0.0057 min ~ ') of
the drug from the diluted o/w emulsion. These findings sug-
gest that the second linear segment in Fig. 3B would show
drug release from the phospholipid vesicles, although further
physicochemical characterization is needed to identify the
components other than the oil droplets. Then it is likely that
the first phase in Fig. 3B would show drug release from the
oil droplets. However, other possibilities, such as release of
the drug existing at the surface of the oil droplets (23-25),
cannot be ruled out at the present time.

4 -
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1 0.14
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Fig. 4. Plot of the amount of drug in the infranatant prepared from
the o/w emulsion containing [PH]TEI-9090 versus time. The inset is
a semilogarithmic plot of the data within 4 hr. The infranatant con-
taining [PH]TEI-9090 was diluted 100 times with saline. The line was
generated by a computer fit of the data according to Eq. (5). Each
point represents the mean * SD of three samples.
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Table IV. Recovery Test for the o/w Emulsion Containing [*HJTEI-
9090 Diluted with Saline in Glass Tubes

Recovery of
[PHITEI-9090
in solution (%)°
[*HITEI-9090
Formulation Dilution (ng) 1 min 1hr
Saline solution — 5 48 =3 376
(1 mL) — 10 58 3 47 =3
o/w emulsion® 1/100 10 97 0 981
1/200 5 97 + 1 92 +2

% Each value represents the mean *= SD of three samples.
b PHITEI-9090 emulsion was diluted with saline to make a final
volume of 1 mL.

Recovery Test

If PHITEI-9090 were released into the aqueous phase
from the emulsion particles, adsorption of the drug to the
glass tube could be observed. This can be easily examined
by a simple recovery test for the drug-containing emulsion
diluted with saline in the glass tube, without PDMS-GB as-
say. While only 37 or 47% of the radioactivity was recovered
in the saline containing 5 or 10 ng of PH]TEI-9090 at 1 hr, the
drug was recovered almost-completely in the 1/100 and 1/200
emulsions (Table IV). These data indicate that the drug was
not released into the aqueous phase but to the surface area of
the particles, where the drug was easily adsorbed to PDMS-
GB but not to the glass tubes. Accordingly, the curves in Fig.
3 and Fig. 4 would be regarded as the time-dependent alter-
ation of the distribution of the drug in the particles rather
than the drug release.

CONCLUSIONS

A new method for evaluating the entrapping efficiency
and drug release profiles of an o/w emulsion containing TEI-
9090 has been described. Using our newly developed PDMS-
GB assay, it was confirmed that the lipophilic modification of
drugs offers a clear advantage in preparing suitable drug-
containing o/w emulsion formulations.
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