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Design of self-microemulsifying drug delivery systems
using a high-throughput formulation screening system
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Abstract

Purpose: A high-throughput formulation screening (HTFS) system that enabled to rapidly and efficiently
select self-microemulsifying drug delivery system (SMEDDS) formulations has been developed in our pre-
vious study. The purpose of this study was to investigate the applicability of the HTFS system to SMEDDS
designs. Methods: A poorly soluble drug (Nilvadipine), an oil (Sefsol-218), 11 hydrophilic surfactants (HS),
and 10 lipophilic surfactants (LS) were used. Formulations were prepared and SMEDDS formulations were
chosen by the HTFS system. A HS with the largest number of SMEDDS formulations was selected. In the
selected HS system, a LS with the largest number of SMEDDS formulations was selected. Formulations
with minimum turbidity at each ratio of the selected HS/LS were chosen as optimized formulations.
Results: A total of 2455 formulations were prepared and SMEDDS formulations were selected using the
HTFS system. From the screening data, HCO60 was selected as a superior emulsifiable HS, and Plurol
(PLUROL OLEIQUE CC497) was selected as a suitable LS to HCO60. Five optimized formulations were
chosen from the HCO60/Plurol system. The formulations formed fine microemulsions (<33.6 nm) without
phase separation and drug precipitation. These formulation designs were conducted using 600 mg of the
drug at a rate of 400 formulations/person/day. Conclusion: SMEDDS formulations could be rapidly and

efficiently designed using the HTFS system.
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Introduction

Self-microemulsifying drug delivery systems (SMEDDS)
form microemulsions (ME), which are physically stable
and transparent, under mild agitation in an aqueous
media2. SMEDDS are widely employed to improve the
oral absorption of poorly soluble drugs®14.

Designs of pharmaceutical formulations are time
consuming and labor intensive. A design of SMEDDS
requires substantial time, manpower, and amount of a
candidate drug because of the following reasons: (1)
many formulations (several hundred to thousands)
must be screened because SMEDDS is a multicompo-
nent system [oil, hydrophilic surfactant (HS), lipophilic
surfactant (LS), and so on] and each component has
many types of excipients; (2) the formulations must be
prepared manually and screened by low-throughput
analysis methods (e.g., DLS, visual inspection); and (3)

small-scale preparations (microliter order) for reducing
the consumption of a precious candidate drug are diffi-
cult because dispensing or weighing small amounts of
viscous/semisolid surfactants and a powdered drug
substance is technically tough. These problems make it
difficult to design SMEDDS formulations in a drug
development process (particularly drug discovery
stage) where time, manpower, and amounts of candi-
date drugs are limited.

We have developed a high-throughput formulation
screening (HTFS) system that enabled to rapidly and
efficiently select SMEDDS formulations'>!®, In this sys-
tem, formulations were prepared at a small scale
(microliter order) by a robotic liquid dispenser, and
SMEDDS formulations were selected by ME screening
and phase stability screening with a rapid turbidity
assay. The HTFS system may be applicable to rapid and
efficient designs of SMEDDS formulations.
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In this study, we designed SMEDDS formulations
using the HTEFS system to investigate its applicability to
SMEDDS designs.

Materials and methods

Materials

Nilvadipine (Nil), a poorly soluble drug (aqueous solu-
bility: ca. 1 ug/mL, dose: 4 mg, neutral, melting point:
167-171°C, octanol-water partition coefficient: 1.4 X
10%), was purchased from Kongo Yakuhin (Toyama,
Japan). Table 1 lists oil, HS (hydrophile-lipophile bal-
ance: HLB > 9), and LS (HLB < 9) used in this study
with their trade names, abbreviations, and HLB. Sef-
sol-218 was used as an oily phase because it was a
good solubilizer of Nil (ca. 16 mg/mL). Sefsol-218,
BL2, BL4.2, BL9, HCO40, HCO60, PS20, PS40, PS80,
S010, CO3, CO10, DGMO, and DGPO were supplied
by Nikko Chemicals (Tokyo, Japan). Labrasol, Gelu-
cire, Lauro90, LauroFCC, Plurol, Labral944, and
Labra2125 were supplied by Gattefossé SAS (Saint-
Priest Cedex, France). Ethanol was purchased from
Wako Pure Chemical Industries (Osaka, Japan).
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Figure 1. Design flow of SMEDDS formulation.

Design of SMEDDS formulation

SMEDDS formulations were designed in accordance
with a design flow shown in Figure 1. The design flow
consisted of the first step of ‘SMEDDS formulation
selection by HTFS system’, the second step of ‘HS selec-

Table 1. Oil, hydrophilic surfactants (HS), and lipophilic surfactants (LS) used in this study.

oil Trade name Abbreviation

Propyleneglycol monocaprylic ester NIKKOL Sefsol-218 Sefsol-218

HS Trade name Abbreviation HLB

Polyoxyethylene (20) sorbitan monolauric ester NIKKOL TL-10 PS20 16.9

Polyoxyethylene (20) sorbitan monopalmitic ester NIKKOL TP-10 PS40 15.6

Polyoxyethylene (20) sorbitan mono-oleic ester NIKKOL TO-10MV PS80 15.0

Glyceryl caprylic/capric ester, polyoxyethylene LABRASOL Labrasol 14.0

(8) caprylic/capric ester

Polyoxyethylene (40) hydrogenated castor oil NIKKOL HCO-40 HCO40 12.5
Polyoxyethylene (60) hydrogenated castor oil NIKKOL HCO-60 HCO60 14.0
Vitamin E TPGS NF D-a-tocopheryl polyoxyethylene TPGS 11.5

1000 succinic ester

Glyceryl lauric ester, polyoxyethlene (32) lauric ester GELUCIRE 44/14 Gelucire 14.0
Polyoxyethylene (2) monolauric ether NIKKOL BL-2 BL2 9.5
Polyoxyethylene (4.2) monolauric ether NIKKOL BL-4.2 BL4.2 11.5
Polyoxyethylene (9) monolauric ether NIKKOL BL-9EX BL9 14.5

LS Trade name Abbreviation HLB
Sorbitan mono-oleic ester NIKKOL SO-10V SO10 4.3
Polyoxyethylene (3) castor oil NIKKOL CO-3 COo3 3.0
Polyoxyethylene (10) castor oil NIKKOL CO-10 CO10 6.5
Propyleneglycol monolauric ester LAUROGLYCOL 90 Lauro90 5.0
Propyleneglycol mono-/di-lauric ester LAUROGLYCOL FCC LauroFCC 4.0
Polyglyceryl (2) mono-oleic ester NIKKOL DGMO-CV DGMO 5.5
Polyglyceryl (6) dioleic ester PLUROL OLEIQUE CC497 Plurol 6.0
Polyglyceryl (10) pentaoleic ester NIKKOL Decaglyn 5-OV DGPO 3.5
Glyceryl polyoxyethylene (6) oleic ester LABRAFIL M 1944 CS Labral944 4.0
Glyceryl polyoxyethylene (6) linolenic ester LABRAFIL M 2125 CS Labra2125 4.0
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Figure 2. Phase diagram of HS/LS/oil. Closed circles indicate the
ratios of HS/LS/oil of formulations prepared for selecting SMEDDS
formulations. HS : LS ratio (S,;,) was 10:0, 9:1, 8:2, 7:3, or 6:4. S5, :
oil ratio was 10:0, 9:1, 8:2, 7:3, or 6:4.

tion’, the third step of ‘LS selection’, and the fourth step
of ‘optimized formulation selection’.

First step ‘SMEDDS formulation selection by HTFS
system’

SMEDDS formulations were selected by the HTFS sys-
tem developed in our previous study'®. The methodol-
ogy was described below.

A robotic liquid dispenser system (TECAN GENESIS
Workstation; Tecan Japan, Kanagawa, Japan) was used
for sample preparations. This system consisted of a lig-
uid handling arm with eight disposable tips (200 uL,
1000 uL), a robotic movement arm, and a plate shaker.

Surfactants and a powdered drug (Nil) were dis-
solved in ethanol for dispensing with the liquid dis-
penser. Forty microliters of Nil ethanol solution (5 mg/
mL) was dispensed into 96-well plates (Nil: 0.2 mg/
well). Ethanol solution of HS and LS (50% v/v) was dis-
pensed at HS : LS ratios of 10:0, 9:1, 8:2, 7:3, or 6:4, and
then oil was dispensed into the surfactant mixtures (S,
at S, : oil ratios of 10:0, 9:1, 8:2, 7:3, or 6:4. The ratios of
HS/LS/oil dispensed were summarized in Figure 2. After
mixing the dispensed solutions (1000 rpm, 10 minutes),
the mixtures were dried under vacuum to remove the
ethanol (40°C, overnight). Distilled water of 450 uL was
then added to the dried formulations (50 pL, Nil in
formulation: 4 mg/mL) to prepare 10% v/v formulation
solutions. Finally, the solutions were mixed using the
plate shaker to generate emulsions (1000 rpm,
10 minutes).

Physically stable ME (SMEDDS) formulations were
selected by ME screening and phase stability screening.
Both the screenings employed a turbidity assay because
(i) the particle size of emulsion is correlated to turbidity,
(ii) the phase stability of emulsion is related to the tur-
bidity change during storage, and (iii) turbidity of many
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formulations can be measured rapidly by a microtiter
spectrometer (1 min/96-formulation).

ME screening: After the emulsions, 200 pL were
dispensed into 96-well microplates, their turbidity were
measured at 650 nm by a microtiter spectrometer
(SPECTRAmax 190; Molecular Devices, CA, USA). The
emulsions with a lower turbidity than a turbidity crite-
rion of 0.3, corresponding to the emulsion particle size
of approximately 150 nm, were selected as MEs.

Phase stability screening: The emulsions used in ME
screening were centrifuged at 500xg for 10 minutes,
and then turbidity was measured again to calculate
turbidity change before and after the centrifugation
(ATcentrifugation = |Toefore — Tafterl)' In addition, emul-
sions of 200 uL were dispensed into other 96-well
microplates and stored at 25°C for 24 hours. Turbidity
was measured before and after the storage to calcu-
late turbidity change (AT qge).- Emulsions with the
two turbidity changes below a turbidity-change crite-
rion of 0.1 were selected as physically stable emul-
sions.

Second step ‘HS selection’

SMEDDS formulations were sorted by HS, and their
numbers were counted. The HS that had the largest
number of SMEDDS formulations was selected as a
superior emulsifiable HS.

Third step ‘LS selection’

In the selected HS system, SMEDDS formulations were
sorted by LS and their numbers were counted. The LS
that had the largest number of SMEDDS formulations
was selected as a suitable LS to the selected HS.

Fourth step ‘Optimized formulation selection’
Optimized formulations were selected on the basis of
turbidity, which is correlated to emulsion particle size'®.
In the selected HS/LS system, the formulations that had
minimum turbidity at each HS : LS ratio were chosen as
optimized formulations. To confirm their emulsion
property, emulsion particle size was evaluated by DLS
(Nicomp 380 ZLS; Particle Sizing Systems, CA, USA) and
appearance was visually inspected.

Results

SMEDDS formulation selection by HTFS

A total of 2255 formulations were prepared and
screened to select SMEDDS formulations by the HTFS
system. Figure 3 shows turbidity of the emulsions for
ME screening. The emulsions with a lower turbidity
than the turbidity criterion (0.3) were selected as MEs.
Figure 4 shows turbidity changes (AT) in the storage
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Figure 3. Turbidity of emulsion for ME screening. The dashed line
shows the turbidity criterion (0.3) for selecting ME formulations.

process and the centrifugation process for phase stabil-
ity screening. Emulsions with the two turbidity changes
below the turbidity-change criterion (0.1) were selected
as physically stable emulsions. Approximately 5% of all
formulations were selected as physically stable ME
(SMEDDS) formulations.

HS selection

SMEDDS formulations were sorted by HS and their
numbers were counted (Table 2). With the exception of
BL2 system, all the other HS systems formed SMEDDS
formulations. HCO60 system and HCO40 system
formed SMEDDS formulations at a higher oil ratio (i.e.,
Spix:0il = 6:4) compared with the other HS systems. The
HCOG60 system had the largest number of SMEDDS for-
mulations (i.e., 162). Therefore, HCO60 was selected as
a superior emulsifiable HS.

LS selection

In HCO60 system, the numbers of SMEDDS formula-
tions were compared among the LSs to select a suitable
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Figure 4. Turbidity change (AT) of emulsion before and after (a)
storage (25°C, 24 hours) and (b) centrifugation (500 X g, 10 minutes)
for phase stability screening. The dashed line shows the turbidity-
change criterion (0.1) for selecting physically stable emulsion for-
mulations.

LS to HCO60 (Figure 5). Here, SMEDDS formulations of
Smix:0il ratios of 10:0 to 8:2 were not counted because of
their poor dispersion properties, which may lead to a
poor bioavailability!’. The poor dispersions, which were
caused by their semisolid states, were observed when
formulations were mixed with water in the preparation

Table 2. Number of SMEDDS formulations selected by HTFS system.

Spix ¢ 0il

HS 10:0 9:1 8:2 7:3 6:4 Total
PS20 15 14 2 0 0 31
PS40 2 0 0 0 0 2
PS80 3 1 0 0 0

Labrasol 11 6 0 0 0 17
HCO40 22 20 14 6 4 66
HCO60 28 29 31 37 37 162
TPGS 3 2 0 0 0 5
Gelcire 2 0 0 0 0 2
BL2 0 0 0 0 0 0
BL4.2 3 4 1 0 9
BL9 12 9 2 1 0 24
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Figure 6. Phase diagram of HCOG60/Plurol system. Symbol: (O)
SMEDDS formulation, (®) non-SMEDDS formulation. Oil was Sef-
s0l-218. The region surrounded by a solid line shows the SMEDDS
area.

process. The range of S ;,:0il ratio was expanded from
6:4 to 1:9 to detect the differences among LSs (i.e., 200
formulations were additionally prepared and screened)
because HCO60 system had a potential of forming
SMEDDS formulations at higher oil ratios (Table 2).

As shown in Figure 5, Plurol had the largest number
of SMEDDS formulations in the HCO60 system. This
showed that the HCO60/Plurol system formed the larg-
est SMEDDS area on a phase diagram among all the
HS/LS combinations (Figure 6). Therefore, Plurol was
selected as a suitable LS to the HCO60 system.

Optimized formulation selection

To select optimized formulations that had minimum
turbidity at each HCO60:Plurol ratio, the relationships
between turbidity and percentage oil in formulations at
each HCOG60 : Plurol ratio (i.e., 10:0-6:4, arrow A-E in
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S @O \éo CQQO K 0 q:\rﬁ:)
' DAY @ @
NN

Figure 6) were investigated (Figure 7). Turbidity profile
became minimum at following percentage oil: 30% (v/v)
at HCOG60 : Plurol ratio of 10:0 (Figure 7a, SMEDDS1);
30% (v/v) at HCOG60:Plurol ratio of 9:1 (Figure 7b,
SMEDDS2); 50% (v/v) at HCO60:Plurol ratio of 8:2 (Fig-
ure 7c, SMEDDS3); 50% (v/v) at HCO60:Plurol ratio of 7:3
(Figure 7d, SMEDDS4); and 50% (v/v) at HCO60:Plurol
ratio of 6:4 (Figure 7e, SMEDDS5). From these results,
SMEDDSI1-5 were selected as optimized formulations
(Table 3). These formulations were confirmed to form
fine MEs (<33.6 nm, Table 3). In addition, phase separa-
tion and drug precipitation were not observed.

Performance of HTFS system

In this study, 2455 formulations were prepared and
screened, and five optimized SMEDDS formulations
were designed. The total consumed drug amount
including experimental losses was 600 mg. The
throughput of the design processes (i.e., preparation to
data analysis) was 400 formulations/person/day.

Discussion

Nil is a poorly soluble compound. To improve the poor
solubility, solid dispersion of Nil was studied!®-2°, In
this study, SMEDDS was applied to Nil.

In the previous study, we reported that the HTES sys-
tem could select SMEDDS formulations. Its applicabil-
ity to SMEDDS designs remained unknown. In this
study, SMEDDS formulations were designed in accor-
dance with the design flow shown in Figure 1. In the first
step, SMEDDS formulations were selected from the for-
mulations containing various structurally diverse surfac-
tants by the HTFS system (Figures 3 and 4). In the second
step, a superior emulsifiable HS (HCO60) was chosen by
comparing the numbers of SMEDDS formulations
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Figure 7. Relationship between turbidity and percentage oil in HCO60/Plurol system. HCO60:Plurol = (a) 10:0, (b) 9:1, (c) 8:2, (d) 7:3, () 6:4.

Table 3. Optimized formulations and their emulsion particle size.

Formulation (% v/v) Emulsion particle size
Peak 1 Peak 2
No. HCO60 Plurol Oil nm % nm %
SMEDDS1 70 0 30 5.5 11.3 175 88.7
SMEDDS2 63 7 30 7.3 16.5 23.9 83.5
SMEDDS3 40 10 50 25.4 100.0
SMEDDS4 35 15 50 28.7 100.0

SMEDDS5 30 20 50 33.6 100.0




among HSs (Table 2). In the third step, a suitable LS
(Plurol) to the selected HS system was selected by com-
paring the numbers of SMEDDS formulations among
LSs (Figure 5). Finally, SMEDDS formulations with min-
imum turbidity at each HS : LS ratio were chosen as
optimized formulations (Figure 7, Table 3). The key
point in the design process was that the HTFS system
provided comprehensive data on all the formulations
simultaneously. The comprehensive data enabled rapid
and efficient comparisons of the emulsifiability of HSs,
the suitability of LSs to the selected HS, and turbidity
among various HS:LS ratios for designing SMEDDS in
one campaign without try and error. The optimized for-
mulations formed fine MEs (<33.6 nm, Table 3) without
phase separation and drug precipitation. In further
dilution from 10% to 0.1%, any precipitations and phase
separations were not observed (data not shown). These
formulation designs were conducted using 600 mg of
the drug at a rate of 400 formulations/person/day.
These results indicated that SMEDDS formulations
could be designed rapidly and efficiently by utilizing the
HTFS system. This HTFS system should enable to
design SMEDDS formulations in a drug development
process (particularly drug discovery stage) where time,
manpower, and amounts of candidate drugs are limited.

Oily compounds may be suitable for SMEDDS. Some
of poorly soluble compounds are non-oily compound.
These compounds may not be suitable for SMEDDS.
Namely, SMEDDS designs of non-oily compounds may
be difficult. HTFS system may enable to design
SMEDDS of a non-oily compound by screening all the
candidate formulations.

Relationships between compound structures and
SMEDDS suitability of the compounds are unknown.
HTFS system should enable to accumulate enormous
amount of information between formulations and
structurally diverse compounds in a short time (1.5
weeks/compound). The accumulation may reveal the
relationships between compound structures and
SMEDDS formulations. A study for revealing the rela-
tionship is currently ongoing.

The suitable HS/LS combination (HCO60/Plurol)
enabled the selections of various types of optimized
formulations from the wide SMEDDS area (Figure 6, HS
: LS = 6:4-10:0, S ;4 : 0il = 4:6-7:3). These various formu-
lations may permit a further formulation selection. For
example, if minimizing the amount of surfactant to
reduce GI irritation is required®'~2*, oil-rich formula-
tions such as SMEDDS3, 4, and 5 (50% v/v oil) may be
selected rather than SMEDDS1 and 2 (30%, v/v, oil).

The reason why HCO60 and Plurol were the most
suitable combination in the system containing Nil and
sefsol-218 was unknown. To reveal interactions
among the HCOG60, Plurol, sefsol-218, and Nil, a fur-
ther study using near-infrared spectroscopy, Raman
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spectroscopy, or statistical experimental design meth-
ods, and so on may be needed.

The designs of SMEDDS formulations with high
load of a candidate drug are required for clinical tri-
als in some projects?®*~2”, To design such high-load-
ing SMEDDS formulations, maximizing the solubility
of a candidate drug in the formulation is important.
The HTFS system has no process for maximizing the
solubility of a candidate drug in SMEDDS formula-
tion. This is a limitation of the HTFS system. A fur-
ther study for improving the problem is currently
ongoing.

Conclusions

We designed SMEDDS formulations using the HTFS
system as follows: (1) selection of SMEDDS formula-
tions by the HTFS system, (2) selection of a superior
emulsifiable HS, (3) selection of a suitable LS to the
selected HS, and (4) selection of optimized formula-
tions with minimum turbidity at each ratio of the
selected HS/LS. These formulation designs were
conducted using 600 mg of the drug at a rate of 400
formulations/person/day. Thus, SMEDDS formulations
could be rapidly and efficiently designed using the
HTEFS system.
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