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Abstract: The usefulness of liquid crystals (LC) in topical formulations for application to skin was evaluated
by measuring the in vitro permeation profile of a model compound, calcein, entrapped in a LC formulation,
through excised hairless rat skin and a three-dimensional cultured human-skin model; the viability was
determined using the MTT assay. Two physically stable LCs were prepared from a mixture of mono-, di-,
and tri-esters 1, and monoesters 2, composed of erythritol and phytanylacetic acid. Cryo-transmission
electron microscopy (cryo-TEM), electron diffraction patterns, and small-angle X-ray diffraction (SAXS)
observations of the LC nanodispersions showed that the structures of the LCs were reverse hexagonal
(LC-A) and cubic (LC-B). The skin-permeation properties of calcein were enhanced by entrapping in the
LCs as a result of the increase in calcein partition from the LC dispersion solution into the skin; the
properties were analyzed using a skin-permeation—time profile. Drug partitioning could also be modified by
the LC structure. No skin damage was caused by the LC formulation in these experiments.

The present study suggests that LC dispersions are potential additives in topical drug formulations and
cosmetic formulations.
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1 INTRODUCTION

The primary dosage forms currently used in drug thera-
py are oral formulations and injections; however, oral for-
mulations have drawbacks such as side effects in the GI
tract and the first-pass effect, and injections are painful
and may cause infection; transdermal drug delivery sys-
tems (TDDS) can avoid these drawbacks. Interestingly,
more TDDSs than oral DDSs were developed at the begin-
ning of this century. The outermost layer of the skin, the
stratum corneum, acts as a primary barrier against water
evaporation from the body and skin permeation of most
drugs into the body. Thus, overcoming the stratum corne-
um barrier is important in advancing the development of
TDDSs.

Chemical approaches, such as penetration enhancers”,
and physical approaches, such as iontophoresism, phono-
phoresis3> and electroporation® 5), have been evaluated as
methods of increasing the skin permeation of several

drugs. Formulation approaches have also been investigat-
ed. Liposomes and niosomes are examples of new topical
formulations with high penetration activity of entrapped
drugs“'s') ; in general, however, such nano-sized materials
have poor stability. Recently, solid lipid nanoparticles” " )
and liquid-crystal (LC) dispersions have been developed for
topical formulations; the latter are highly bioadhesive'”and
physically stable. The LC structure is very similar to the in-
tracellular lipid structure in the stratum corneum'”. Very
stable LCs produced from monoolein/oleic acid'® W and
phytolm have been applied to skin and mucosa. L.C nano-
dispersions containing monoolein/oleic acid were used to
regulate the skin permeation of indomethacinm), cyclospo-
rine'™ ' vitamin K'*, and propranolol””. These LCs have
also been investigated for use in skin-care productsm’w,
and Yamaguchi et al. have produced a cubic lipid structure
for cosmetic formulations® .

In the present study, aqueous dispersions of LCs con-
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taining sodium calcein as a model penetrant were prepared
using a mixture of mono-, di-, and tri-esters 1 and monoes-
ters 2, composed of erythritol and phytanylacetic acid. The
permeation profiles of this model compound were mea-
sured using excised hairless rat skin and a three-dimen-
sional cultured human-skin model*” , living skin equivalent-
high (LSE-high), to evaluate the effects of the LC
structures. Two kinds of LC were used to make aqueous
dispersions.

2 EXPERIMENTAL PROCEDURES
2.1 Materials

Erythritol and sodium calcein (623 Da, log K,,,= —3.5)
were purchased from Tokyo Chemical Industries Co., Ltd.
(Tokyo, Japan). ¢-Butyl methyl ether was purchased from
Kanto Chemical Co., Inc.(Tokyo, Japan). Methyl
5,9,13,17-tetramethyloctadecanoate was prepared by the
Johnson transfer reaction. EDTA - 2Na was obtained from
Dojin Molecular Technologies, Inc.(Mashiki, Kumamoto,
Japan). A surfactant, Pluronic F127, was purchased from
BASF (Ludwigshafen, Germany). Other reagents and sol-
vents were of special grade or HPLC grade and used with-
out further purification.

2.2 Preparation of a mixture of mono-, di-, and tri-esters
1 and monoesters 2, composed of erythritol and
phytanylacetic acid

Erythritol (2.50 kg) was dissolved in dimethyl sulfoxide
(10.8 kg)at 100C under nitrogen purging before addition
of anhydrous CaCO,(37.8 g)at 80T . Methyl phytanylace-
tate (5,9,13,17-tetramethyloctadecanoate) (4.83 kg) was
added dropwise to the solution under reduced pressure
over 2.5 h. The reaction mixture was refluxed under re-
duced pressure overnight, while the methanol produced

was gradually removed by distillation. After cooling, the
mixture was neutralized by addition of formic acid (29 g),
and concentrated in vacuo. The residue (6.1 kg) was dilut-
ed with ¢-butyl methyl ether (18.3 kg), and filtered to re-
move the remaining erythritol. The filtrate was diluted
again with ¢-butyl methyl ether (24 kg), washed twice with
aqueous NaHCO,, and concentrated in vacuo at 100C.
The product obtained (4.7 kg, 1) consisted of monoesters
(36%), diesters(12%), and triesters (52%) of erythritol
and phytanylacetic acid (the ratio was determined by GC
analysis). The mixture 1 was purified by column chroma-
tography using silica gel (Wakogel C-300; Wako Pure Chem-
icals Co., Ltd., Osaka, Japan) to afford monoesters 2 of 1-O-
and 2-O-phytanylacetylerythritol .

2.3 Experimental animals and three-dimensional cultured
human-skin models

Male hairless rats (WBM/ILA-Ht, 200-250 g b.w. ) were
obtained from the Life Science Research Center, Josai Uni-
versity (Sakado, Saitama, Japan) or Ishikawa Experimental
Laboratories (Fukaya, Saitama, Japan). Animal breeding
and experiments were conducted according to the Josai
University guidelines.

A three-dimensional cultured human-skin model, Living
Skin Equivalent-high (LSE-high)*", was obtained from
Toyobo (Osaka, Japan).

2.4 Preparation of liquid-crystal dispersions

Table 1 shows the prescriptions for liquid crystal A
(LC-A)and liquid crystal B (LC-B)nanodispersions. Ten
grams of crude ester 1 or pure ester 2 were used to pre-
pare LC-A and LC-B, respectively. In this step, LC-A and
LC-B were semisolid and were nanodispersed, using a high
pressure emulsifier (NM2-L200AR; Yoshida Kikai Co., Ltd,
Nagoya, Japan) or an ultrasonic homogenizer (USP-50; Shi-
madzu Corp., Kyoto, Japan), in an aqueous solution (90.0

Table 1 Prescription to make liquid crystal dispersion

30 mM BlanK 30 mM BlanK
Ingredients calcein-entrapped LC-A calcein-entrapped LC-B
LC-A (%) (%) LC-B (%) (%)
1(;(;1( 5;9 11)3 ,17-tetramethyloctadecanoyl)erythritol 10.0 10.0 _ _
(II;S;S ,;9), 13,17-tetramethyloctadecanoyl)erythritol B B 10.0 10.0
sodium calcein 2.0 - 2.0 -
Pluronic F127 (10%) 10.0 10.0 10.0 10.0
methyl p-hydroxyl benzoate 0.1 0.1 0.1 0.1
purified water 77.9 79.9 77.9 79.9
Total 100 100 100 100
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g) containing sodium calcein, Pluronic F127, and methyl
p-hydroxylbenzoate. The calcein concentrations in LC-A
and LC-B were different (see Table 1).

2.5 Measurement of physical properties of liquid crystals
2.5.1 X-ray analysis

X-ray diffraction analyses were performed on a small-an-
gle X-ray diffraction system (SAXSess)equipped with a
temperature controller (TCS 120), a PW3830 X-ray genera-
tor (Cu-Ka, 0.1542 nm wavelength) (AntonPaar Japan Co.,
Ltd., Tokyo, Japan), and an image plate detector (Perkin
Elmer Japan Co., Ltd., Yokohama, Japan). Diffraction anal-
yses were performed using a vacuum-resistant glass capil-
lary cell at 25C for 2 h. The obtained SAXS patterns were
plotted against the scattering vector length, g = (4n/A) sin
(0/2), where 6 is the scattering angle. The scattering inten-
sity was normalized by the decayed direct beam intensity.
2.5.2 Observations by cryo-TEM

The prepared LC dispersions were observed by cryo-
transmission electron microscopy (cryo-TEM) (JEM-2011,
JEOL Ltd., Akishima, Tokyo, Japan). LC dispersion sam-
ples for cryo-TEM observations were rapidly frozen on a
microgrid with 1-5 pum pores at approximately —175T,
with ethane as the freezing solvent, using a rapid freezing
system (Leica Microsystems Japan, Tokyo, Japan). The ob-
servations were performed at Terrabase Co., Ltd. (Okazaki,
Aichi, Japan).
2.5.3 Determination of calcein entrapping ratios

The calcein entrapping ratios in LC-A and LC-B were de-
termined using a centrifuge (CS100GXII; Hitachi Koki Co.,
Ltd., Tokyo, Japan). LC-A or LC-B(1.0 mL)in a tube was
placed in an angle rotor (S120 AT2; Hitachi Koki Co., Ltd.).
After centrifugation, the external phase (aqueous phase),
which separated from the LC phase, was withdrawn and
the amount of calcein was determined, after adequately di-
luting with pH 7.4 phosphate buffer containing 1 mM
EDTA - 2Na, at 488 nm and 515 nm excitation and emis-
sion wavelengths, respectively, by a fluorescence spectro-
photometer (RF-5300PC; Shimadzu Corp., Kyoto, Japan).

The entrapping ratio was determined by the following
equation:
Entrapped ratio (% w/w) =
total drug amount — drug amount in external phase

X100
total drug amount
(1)
2.5.4 Measurement of droplet diameter of liquid-crystal

dispersions
The prepared LC dispersions were diluted with distilled
water; 1.0 mL was transferred to a disposable plastic cell
set in a Zeta Sizer 3000HSA (Otsuka Electronics Co., Ltd.,
Hirakata, Osaka, Japan)to determine the droplet diameter
by dynamic light scattering.

2.6 In vitro skin-permeation experiments

We selected three types of membrane-intact and
stripped hairless rat skins, and LSE-high-to evaluate the
enhancement effect of the LC formulations. These mem-
branes represented healthy intact skin, damaged skin, and
appendage-free skin. The left and right sides of the abdom-
inal skin were excised from hairless rats under anesthesia
using 4.p. injections of sodium pentobarbital (50 mg/kg).
Stripped skin was prepared by tape-stripping the stratum
corneum 20 times using adhesive cellophane tape (Nich-
iban Co., Ltd., Tokyo, Japan). After excising the skin, su-
perfluous subcutaneous fat was carefully trimmed off. The
three-dimensional cultured human-skin model, LSE-high,
was washed with physiological saline and separated from
the well.

Each obtained skin membrane was set in a Franz-type
diffusion cell with an effective diffusion area of 1.77 cm® or
0.78 cm® for hairless rat skin or LSE-high, respectively. To
decrease the endogenous fluorescence of the skin and the
dryness of the stratum corneum, 1.0 mL of physiological
saline and 6 mL of pH 7.4 phosphate buffer containing 1.0
mM EDTA - 2Na were added to the stratum corneum and
dermis side, respectively, and the skin sample was main-
tained for 1.0 h. Calcein (1.0 mL)and fresh buffer (6.0 mL)
were then placed on each side of the skin to start the per-
meation experiments. The system was maintained at 32C,
and the receiver compartment was agitated by a magnetic
stirrer. The receiver sample (0.5 mL)was periodically sam-
pled to measure the skin permeation of calcein, and an
equivalent volume of saline was added to keep the volume
constant.

2.7 Determination of calcein concentration

The receiver sample was centrifuged and diluted with
pH 7.4 phosphate buffer containing 1.0 mM EDTA - 2Na.
The calcein concentration in the sample was determined
by fluorescence spectrophotometry, as described in section
2.5.3.

2.8 Determination of permeation parameters

The rate-limiting steps of calcein permeation through
hairless rat skin and LSE-high are permeation through the
stratum corneum and permeation through the whole epi-
dermis, respectivelyw. Both membrane permeation pro-
files, however, can be analyzed as a one-layered diffusion
membrane. In the present experiments, the receiver solu-
tion was always assumed to be in the sink condition. Equa-
tions (2) - (4) can be written using Fick s law of diffusion; P,
the permeability coefficient, D, the diffusion coefficient in
the skin barrier, and K, the partition coefficient from the
donor compartment to the skin barrier, were determined®.
The thicknesses of the intact and stripped hairless rat skin,
and of LSE-high were 20 pm, 580 um, and 20 pum, respec-

24, 26)

tively .
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In the equations, ¢,,, is the lag time to reach steady-state
skin-permeation, J, is the steady-state flux, and C, is the
concentration of calcein in the donor solution.

2.9 Preparation of skin slices

After the permeation experiments, the intact and
stripped hairless rat skin and the LSE-high were washed
with pH 7.4 phosphate buffer containing EDTA - 2Na at a
concentration of 1 mM. Each sample was then embedded
in Tissue-Tek® OTC compound (Sakura Fine Tech Japan
Co., Ltd., Tokyo, Japan)and frozen in isopentane using lig-
uid nitrogen at —207C. The frozen tissues were sliced into
horizontal slices of about 20 pm using a Cryostat
(CM30508S; Leica Microsystems Japan). The specimens
were observed under a fluorescence microscope.

2.10 MTT assay

Skin irritation caused by the LC dispersions was evaluat-
ed by skin viability using the MTT [3- (4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide]assay”” % Calcein-
free LC-A and LC-B dispersions, and 2% Pluronic F127
solution were evaluated. Distilled water and 10% sodium
dodecyl sulfate (SDS)were used as negative and positive
controls, respectively. The samples (0.5 mL each)were ap-
plied in a glass chamber with an effective diffusion area of
1.0 em”® to the abdominal skin (intact or stripped) of hairless
rats, anesthetized by 7.p. injections of urethane at a dose of
1.0 g/kg, for 8 h. The treated skin sites were excised and a
6.0-mm diameter skin sample was obtained using a biopsy
punch. MTT solution (2.0 mL)was added to an assay tray
containing the skin sample and incubated at 37C under
bubbled CO,/0,(5%/95% ). The MTT was adjusted to 0.333
mg/mL using DMEM medium. After incubation, excess
MTT was washed off with distilled water and the skin sam-
ple was moved to a microtube. 0.04 N HCl-isopropyl alco-
hol(1.0 mL)was added to the tube; the skin was minced
using scissors. The samples were kept for 12 h with agita-
tion to extract formazan. The obtained formazan was spec-
trophotometrically determined at 570 nm. The obtained
value was adjusted with respect to skin weight.

2.11 Statistical analysis

The Mann-Whitney U-test was used for statistical analy-
sis of the cumulative amount of calcein permeating the
skin, and viability of the cutaneous cells. P<<0.05 was con-
sidered to be significant.
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3 RESULTS AND DISCUSSION
3.1 Analysis of structure of liquid-crystal dispersions
Figure 1 shows cryo-TEM photographs of LC-A and

Fig. 1 Cryo-TEM microscope images of liquid-crystal
phase dispersions.
Photographs A and B are LC-A and LC-B,
respectively. LC structures were found in the
circles of both A and B. Each white bar indicates
a length of 25 nm.

10’ nm 10 nm

T VE—

Fig. 2 Electron diffraction patterns of liquid-crystal
phase dispersions.
A-1 and A-2, and B-1 and B-2 show the same
photographs of LC-A and LC-B, respectively,
without and with auxiliary lines and marks. A-2
shows hexagonal LC with a 4.6 nm periodic
structure. LC-B shows cubic LC with two
periodic structures of cycles 6.0 nm and 9.0 nm.
Each white bar indicates a length of 5 nm or 10
nm.
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LC-B. As in the case of cryo-TEM photographs of cubic LCs
prepared from monoolein and oleic acids'™ ¥, LC struc-
tures were observed in Pluronic solutions of LC-A and
LC-B in the present study (white circles in Fig. 1). Figure 2
shows the electronic diffraction patterns of the LCs deter-
mined from the cryo-TEM photographs. It was found from
these diffraction patterns that LC-A was hexagonal, with a
4.6 nm periodic structure (A-2 dashed lines in Fig. 2), and
LC-B was cubic, with two periodic structures of cycles 6.0
nm and 9.0 nm (B-2 dashed lines in Fig. 2).

SAXS patterns were used to determine the LC struc-
tures. The crystal structures and lattice parameters can be
determined from the interlayer spacing. Figure 3 shows
the observed X-ray diffraction profiles of LC-A and LC-B
nanodispersions, and Table 2 summarizes the peak posi-
tions and ratios of the diffraction spacings. In general, an
LC has a specific diffraction spacing ratio, and each value is
shown in Table 2*”. The diffraction spacing ratio was
1:0.572:0.494:- for blank LC-A and 1:0.5677:0.497-- for cal-
cein-entrapped LC-A. These ratios were very similar to
each other and also to 1:v/15 : «/% v , the values for
hexagonal/reverse-hexagonal LCs, suggesting that the LC
formulation prepared from crude terpenoid ester 1 must be
reverse hexagonal. The diffraction spacing ratio was
1:0.697:0.572- -+ for blank LC-B, and 1:0730:0.591 - for cal-
cein-entrapped LC-B. These ratios are similar to that of a

cubic (bicontinuous) LC structure (1: /% : /3% :/31).

Intf1

Int/1

Fig.3 Small-angle X-ray diffraction pattern of each
liquid-crystal dispersion.

3.2 Evaluation of physicochemical properties of liquid-
crystal dispersions

Table 3 shows the physicochemical properties of the LC

nanodispersions prepared in this experiment. No great dif-

Table 2 Peak position (¢/nm’"), surface separation (d/nm’") and ratio of
diffraction spacing (dk/d,) observed in Bragg reflection

Peak position

interlayer spacing Spacing ratio*

(g/mm™) (d/mm™) (dk/d,)
1.354 4.640 1.0
Blank LC-A 2.368 2.653 0.572
2.743 2.291 0.494
1.083 5.800 1.0
Calcein-entrapped LC-A 1.878 3.346 0.577
2.178 2.885 0.497
0.550 11.424 1.0
Blank LC-B 0.789 7.965 0.697
0.961 6.537 0.572
1.354 4.640 1
Calcein-entrapped LC-B 2.368 2.653 0.730
2.743 2.291 0.591

* LC structure of spacing ratio (dk/d,)

Hexagonal and reverse hexagonal LC: 1: /% : /¥ : /%

Cubic LC (bicontinuous): 1: V% /% «/%
(discontinuous): 1: /% : /% : /Ui

Lamellar: 1: %:%4: %
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Table 3 Diameter (nm) of liquid crystal and entrapping ratio (%) of
calcein in liquid crystal dispersion

Diameter (nm)

Entrapping ratio (%)

Calcein-entrapped LC-A
Blank LC-A

Calcein-entrapped LC
Blank LC-B

250.0 8.26 £ 0.66
253.2 -
293.6 14.02 + 1.54
287.0 -

ference was observed between the particle diameters of
the LC-A and LC-B formulations. The blank LC formula-
tions were white and turbid for both LC-A and LC-B. The
calcein-entrapping ratio in LC-A was much higher than
that in LC-B. If we use another compound of different lipo-
philicity and molecular weight, the entrapping ratio may be
different. The present blank LC formulations were very
stable for a long time period, as evaluated by their particle
diameters and X-ray diffraction pattern.

3.3 Skin-penetration-enhancing effect of liquid crystals
Figure 4 shows the time course of calcein permeation
through excised hairless rat skin from reverse-hexagonal
liquid crystal (LC-A) formulations. In intact and stripped
skin, the skin permeations of calcein in the LC-A formula-
tion were 3 times and 10 times higher, respectively, than
the permeation of free calcein. In addition, the mixture of
LC-A dispersion and free calcein showed similar skin per-
meation to that of free calcein solution. Thus, the blank LC
formulation itself did not have any penetration-enhance-
ment effect. The surfactant Pluronic F-127 did not show
any enhancement effect (data not shown). Permeation pa-
rameters were determined by the time course of the cumu-
lative level of skin permeation. The calculated parameters
are shown in Table 4. The partition coefficient, K, was
markedly increased by addition of the LC-A formulation,
suggesting that LC-A is highly distributed from the disper-

N W R NN
—o—
—o—
)
B
(=2 ]
s 8
L
—o—
—@—
—o—
I

Calcein permeated (nmol/cm?)

0123 45¢6 738 0O 1 2 3 4 5 6
Time (h) Time (h)

Fig. 4 Effect of LC-A formulation on the time course
of the cumulative amount of calcein that
permeated hairless rat intact and stripped skin.
Symbols are as follows: 4 : free calcein; O: free
calcein plus blank LC-A; @: calcein-entrapped
LC-A. Asterisks indicate a significant difference
between calcein-entrapped LC-A and free
calcein groups (p < 0.05). Each point represents
the mean + S.E. of at least 3-7 experiments.

sion to the skin surface (stratum corneum).

Next, the time course of skin permeation of calcein from
the cubic liquid-crystal dispersion(LC-B)was evaluated;
the results are shown in Fig. 5. Enhanced permeation of

Table 4 Partition coefficient (K), diffusion coefficient (D), and permeability
coefficient (P) through hairless rat skin after application of LC-A

30 mM calcein

calcein-entrapped LC-A

physical mixture

intact skin

K 0.10 +0.02
D (x10™" cm’/s) 6.05+0.52
P (x10° cm/s) 2.91+0.55
stripped skin

K 0.52+0.13
D (x107 cm?/s) 1.04 +0.07
P (x107 cm/s) 9.41 +2.86

0.22+0.04 0.09 +0.03
7.54+0.18 6.75 £ 0.68
8.32+1.33 2.80 +0.91
2.51+0.87 1.19+0.20
322+ 1.14 0.89 £ 0.07
110+ 12.5 18.9+4.51
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Fig. 5 Effect of LC-B formulation on the time course
of the cumulative amount of calcein that
permeated hairless rat intact and stripped skin.
Symbols are as follows: [l: free calcein; [_]: free
calcein plus blank LC-B; A: calcein-entrapped
LC-B. Asterisks indicate a significant difference
between calcein-entrapped LC-A and free
calcein groups (p < 0.05). Each point represents
the mean + S.E. of at least 3-12 experiments.

calcein through hairless rat skin was observed with LC-B as
well as with LC-A; Table 5 summarizes the permeation pa-
rameters for LC-B. Increased partition of calcein was ob-
served with LC-B, as well as with LC-A. No partition in-
crease was observed for stripped skin with LC-B, unlike
the case with LC-A. Determination of the physical and
chemical properties of LC-A and LC-B is difficult, and the
ratio of LC in each formulation was uncertain. LC-A had a
high affinity for both the stratum corneum and the viable
epidermis, whereas LC-B showed a high affinity for the
stratum corneum, but not for the viable epidermis. Identifi-
cation of suitable LCs is an issue which needs to be dis-
cussed.

Similar permeation experiments were carried out using a
three-dimensional cultured human-skin model, LSE-high.

~ 0.045 LSE-high
5 ooma} .
g 0.035 }
£ 0.03 } L BN
o)
2 0.025 }
5 1
£ 0.02 r *
2 0.015 }
£ 001 }
Q
= 0.005 | -
0
01 23 456 78
Time (h)

Fig. 6 Effect of LC-A formulation on the time course

of the cumulative amount of calcein that
permeated LSE-high.
Symbols are as follows: 4: free calcein; O: free
calcein plus blank LC-A; @: calcein-entrapped
LC-A. Asterisks indicate a significant difference
between calcein-entrapped LC-A and free
calcein groups (p < 0.05). Each point represents
the mean =+ S.E. of at least 3-4 experiments.

The data are shown in Fig. 6 and Table 6. LC-A showed a
high enhancement effect on the skin permeation of calcein.
Since LC would increase the partitioning of an entrapped
drug into the stratum corneum, the penetration- enhance-
ment effect by LC formulations would also be obtained for
the stratum corneum barrier.

Table 5 Partition coefficient (K), diffusion coefficient (D), and permeability
coefficient (P) through hairless rat skin after application of LC-B

3 mM calcein

calcein-entrapped LC-B

physical mixture

intact skin

K 0.53+0.12
D (x10™" ecm?/s) 5.95+0.78
P (x10" cm/s) 1.56 +0.38
stripped skin

K 2.18 +0.08
D (x10* cm?/s) 9.04 + 1.33
P (x10° cm/s) 3.46 +0.65

0.59+0.11 0.95+0.10
6.47+0.74 6.94 +0. 39
1.84 +0.13 3.23+£0.32
2.44 +0.39 2.53+£0.26
6.92+2.83 10.7 £1.45
2.95+0.55 4.48 £0.32
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Table 6 Partition coefficient (K), diffusion coefficient (D), and permeability
coefficient (P) through LSE-high after application of LC-A

30 mM calcein

calcein-entrapped LC-A

physical mixture

LSE-high
K (x10°) 4.38
D (x10%cm?/s) 4.52
P (x10" cm/s) 1.32

33.8 2.73
6.20 4.71
14.0 0.85

100 pm 100 pm

Fig.7 Histological observation of LSE-high 8 h

after application of calcein-entrapped LC-A
dispersion.
Photographs A and B are for free calcein, C and
D for calcein-entrapped LC-A dispersion, and
E and F for a physical mixture of free calcein
and LC-A. Photographs A, C, and E show light
microphotograph images, and B, D, and F show
the corresponding fluorescent images. Bars
indicate 100 mm (vertical slice).

Skin viability (%)
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T
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Fig. 8 Skin viability in hairless rat intact skin and
stripped skin determined by MTT assay.
Each column shows the mean + S.E. (n = 3-6,
*p < 0.05).

3.4 Morphological observation of skin after topical
application of LC-A dispersion containing calcein

Figures 7A-F show cross-sections of LSE-high 8 h after

application of free calcein, calcein-entrapped LC-A, and si-
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multaneous application of calcein and non-entrapped
LC-A, respectively. Figures 7A, C and E show light micro-
photographs, and Figs. 7B, D and F show the correspond-
ing fluorescent photographs. Similar fluorescent levels
were observed for free calcein (Fig. 7B)and free calcein
plus non-entrapped LC-A dispersion (Fig. 7F). In contrast,
a much higher fluorescent level was found for the calcein-
entrapped LC-A dispersion (Fig. 7D). These results were
reflected by the skin-permeation data for LC-A dispersions
(Figs. 4 and 6). Liposomes and micelles have also been
found to increase the skin permeation of compoundsgm. It
is necessary to compare the skin-permeation-enhancing ef-
fects of the present LCs with those of liposomes and mi-
celles. This is, however, very difficult at this stage. This is
because the lipids used to make LCs, lipsomes, and mi-
celles are generally different. Further trials are necessary
to compare the enhancing effects of LCs, liposomes, and
micelles which have all been prepared using the same or
similar lipids.

3.5 Skin irritation by liquid-crystal formulations

Skin irritation by the LC formulations was evaluated by
MTT assays in hairless rats. The obtained data for the via-
bility of cutaneous cells are summarized in Fig. 8. No irrita-
tion (no decrease in viability) was observed for any group
evaluated in this experiment when the sample was applied
to intact hairless rat skin (Fig. 8a). Tape-stripped skin was
used to evaluate the safety of the LC formulations. A posi-
tive control, 109 SDS, decreased the viability of skin tis-
sue compared to the saline group. On the other hand, no
decrease in viability was observed for the two LC groups
(LC-A and LC-B). These results suggest that these LC for-
mulations are safe formulation materials for skin applica-
tions.

4 CONCLUSION

It was found from cryo-TEM observations, electron dif-
fraction patterns, and small-angle X-ray diffraction analysis
that these LC-A and LC-B nanodispersions have reverse-
hexagonal LC and cubic LC dispersions, respectively.
These LC dispersions were very stable, since no aggrega-
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tion (diameter growth), and little change in the LC struc-
ture (change in X-ray diffraction pattern), were observed.
The entrapping ratio of a hydrophilic model compound,
calcein, in LC-B was higher than that in LC-A, suggesting
that cubic LC has a greater entrapping potency for hydro-
philic materials. Other drugs with different lipophilicities
and molecular weights must be examined in the future.
The present skin-permeation experiments showed that
LC-A and LC-B nanodispersions increased the skin perme-
ation of the entrapped drug, probably as a result of in-
creased partitioning of the LC in the skin barrier. Since the
lamellar structure and lipophilicity of LCs are similar to
those in the stratum corneum, the LC formulation probably
increased partition of calcein into the stratum corneum,
resulting in enhanced skin permeation. In addition, no skin
irritation was caused by the LC dispersions.

Thus, these LC formulations can be used as new topical
formulations for therapeutic drugs and cosmetic ingredi-
ents, especially for hydrophilic compounds. The content of
the entrapped drugs in the skin must be determined, and
detailed mechanistic analyses performed, in the near fu-
ture.
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