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Abstract

The aim of this study was to investigate the effects of manufacturing temperature and storage conditions on the
thermal properties and drug penetrability of cholesteryl oleyl carbonate (COC)-embedded membranes. The COC-
embedded membranes were prepared by a vacuum filtration method at different manufacturing temperatures and
then stored at different temperatures. Salbutamol sulphate was used as a model drug across this COC-embedded
membrane. It was evident that both manufacturing and storage temperatures significantly affected the characteristics
of the membranes. The higher the manufacturing and storage temperatures, especially at 37° C, the greater was the
penetration of salbutamol sulphate across the membranes. This phenomenon might due to the smectic-cholesteric
phase transition of COC, since crystal fluidity will change in the COC-embedded membranes as a consequence of
temperature changes. On the other hand, orientation was also observed to enhance the transport of the molecule at
temperatures up the phase transition temperature (7,.) of COC. X-ray diffraction was used to examine the
orientation of COC and it was indicated that the-intensity of the two most prominent diffraction peaks of COC
disappeared as a result of manufacturing and storage temperature below the phase transition temperature of COC.
The effect of temperature fluctuation (10 — 25 — 10 — 25° C) on the penetrability changes of salbutamol sulphate
was investigated using the COC-embedded membranes. The penetration of salbutamol sulphate at 10° C was initially
negligible. When the temperature was changed from 10 to 25°C, increased penetrability of drug was observed.
Furthermore, the penetration of drug was further reduced when the temperature was lowered from 25 to 10° C. The
penetration rate of salbutamol sulphate was reversibly regulated in response to a step-wise temperature change
between 10 and 25°C. In addition, the higher the manufacturing or storage temperature, the better was the
alignment of COC in the membranes, making superior regularity for salbutamol sulphate across the membranes.
Whether COC-embedded membranes will be capable of controlling the penetrability of salbutamol sulphate during
temperature change depends on the manufacturing temperature and storage conditions. Thermally on-off switching
membranes can easily be manufactured by the vacuum filtration method at temperatures above the T,. and achieve
high thermo-responsive efficacy.
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1. Introduction

Membrane technology has grown substantially
over the past decade and membranes have been
widely used for gas separation, filtration and dial-
ysis. Moreover, many controlied-release devices
also utilize the film or membrane to encapsulate
the active agent and to control the diffusion rate
of drug. Through rate-controlling membranes,
drug concentrations in blood have been shown to
be constant. (Beck et al., 1979; Lawson, 1985;
Hisao et al., 1993). Rate-controlling membranes,
however, can only maintain a constant release
rate. They are not able to release drugs according
to the condition of the patients or a prepro-
grammed schedule. Therefore, a number of in-
vestigators recently focused their attentions on
the design of self-regulated membranes for drug
delivery systems (Okahata et al., 1986; Iwata et
al., 1991).

It is well known that the stratum corneum
which is composed of lipid, protein and water is
the main barrier layer of the skin and the perme-
ability of drugs across the stratum corneum may
change due to lipid phase transition (Knutson et
al., 1985). On the other hand, biological mem-
branes are also capable of reversible structural
modification in a liquid crystalline state, and their

permeation and selectivity are closely associated
with the gel-liquid crystal phase transition (Blok
et al., 1976; Fettiplace and Hydon, 1980).

Therefore, the phase transition should be one
of the most essential functions for biological
membranes. Similarly, liquid crystals in polymer
membranes might be applicable to modulate per-
meability, since a distinct change in thermal
molecular motion occurs at the crystal-liquid crys-
tal phase transition temperature. In order to
achieve this goal, cholesteric liquid crystals have
been successfully embedded in cellulose nitrate
membranes in our preliminary study. The objec-
tive of this investigation was to examine the ef-
fects of manufacturing temperature and storage
conditions on the thermal properties and drug
penetrability of the liquid crystal-embedded
membrane.

2, Materials and methods
2.1. Materials

Cholesteric oleyl carbonate (COC) was pur-
chased from Sigma Chemical Co. (St. Louis, USA)

and used without further purification. Cellulose
nitrate membrane (pore size, 0.2 pm; diameter,
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Fig. 1. Effect of different manufacturing and storage temperatures on the penetration of salbutamol sulphate across the
COC-embedded membranes at 10° C. Manufacturing temperature: (a) 10° C, (b) 25° C, (c¢) 37° C; storage temperature: (®) 10°C,

(0)25°C, (a)37°C.
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25 mm) was obtained from Whatman Ltd (Maid-
stone, UK). Salbutamol sulphate of pharmaceuti-
cal grade was purchased from Huhtamaki OY
Pharm. (Helsinki, Finland). All other reagents
and chemicals were reagent grade products.

2.2. Preparation of COC-embedded cellulose ni-
trate membrane

A vacuum filtration method was used to manu-
facture the COC-embedded membrane, A cellu-
lose nitrate membrane was previously set on a
stainless-steel filter holder (Gelman Sci., MI,
USA) and a certain amount of COC chloroformic
solution at different preparation temperatures
(10, 25 or 37°C) was filtered by vacuum. The
filter was dried and stored at each of the above
temperature for 24 h to obtain the COC-em-
bedded membrane.

2.3. Evaluation of the COC and COC-embedded
membrane

2.3.1. Determination of the phase transition tem-
perature of COC

The transition temperature of COC during the
heating or cooling process was obtained from
DSC thermograms by determination of the sam-
ple employing DSC (DSC-910S, TA Instruments,
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USA) at a scan rate of 5°C/min, under a stream
of N, gas, from —20 to 50°C and 50 to —20°C,
respectively.

2.3.2. In vitro drug penetration study

The in vitro drug penetration was studied us-
ing a fluid /fluid diffusion cell (Franz, 1975; Lin
et al., 1992). The COC-embedded membrane was
carefully mounted in a two-chamber diffusion cell
having an available diffusion area of 2.27 cm? and
a half-cell volume of 15 ml. The penetration
study was carried out at 10 or 25°C or 10 and
25°C by step-wise temperature changes of the
water bath at predetermined times. 1% of salbu-
tamol sulphate aqueous solution was put into the
donor cell, but the receptor chamber was filled
only with distilled water. The salbutamol sulphate
penetrated was assayed spectrophotometrically at
277 nm. The results were presented as the mean
(+£S.D.) of three experiments.

2.3.3. X-ray diffraction measurements on cast COC

A certain amount of COC chloroformic satu-
rated solution was cast on a glass sample holder
at different temperatures (10 and 37° C), then the
glass sample holder was dried at each of the
above temperatures for 24 h to obtain the cast
COC. The X-ray diffraction measurement of the
cast COC was carried out at 10 or 37°C and the
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Fig. 2. Effect of different manufacturing and storage temperatures on the penetration of salbutamol sulphate across the
COC-embedded membranes at 25° C. Manufacturing temperature: (a) 10° C, (b) 25°C, (c) 37° C; storage temperature: (@) 10°C,

(0)25°C, (&) 37°C.
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Fig. 3. DSC thermogram of cholesteryl oleyl carbonate (COC).

pattern was recorded by using a X-ray diffrac-
tometer (Siemens, Diffractometer D5000, Japan)
with Cu-K«a radiation.

3. Results and discussion

It is known that orientation can cause remark-
able changes in the transport properties of a
polymer membrane These changes can result in
enhancement or weakening of the barrier or sep-
aration properties of products to be used in bar-
rier packaging or membrane separation applica-
tions (Chau and Raspor, 1990). The orientation
was found to reduce the transport rate when
transport occurred mainly perpendicular to the
direction of orientation. In contrast, transport
may be enhanced if orientation and transport are
in the same direction. The properties of liquid
crystal-embedded membranes are sensitive to the
fabrication processes. The monodomain orienta-
tion of a liquid crystal in a membrane may be
achieved by using the vacuum filtration method
and controlling the temperature adequately. The
penetration rate of salbutamol sulphate across
membranes at 10° C is shown in Fig. 1. Obviously,
the penetration rate depends on the treatment of
the membranes. When COC-embedded mem-
branes were manufactured at 10° C, the penetra-
tion rate of the drug was greater than that manu-
factured at 25 and 37° C. The penetration profiles
of drug are very slow and similar in comparison
with a preparation temperature between 25 and

37°C. On the other hand, the penetration rate is
unaffected by whether the membranes are stored
at 10, 25 and 37° C. This suggests that the storage
temperature had no apparent effect on the pene-
tration of drug across the membrane at 10° C, the
penetration rate being predominantly governed
by the manufacturing temperature. However, for
the penetration of drug across the membranes at
25°C, both the manufacturing temperatures and
storage conditions have significant effects as
shown in Fig. 2. The higher the manufacturing
and storage temperatures, especially at 37° C, the
greater is the penetration of salbutamol sulphate
across membranes. This phenomenon might due
to the phase transition and orientation of COC.
Because the smectic-cholesteric phase transition
temperature (T,.) of COC is 18.3° C during heat-
ing and 15.8° C for the cholesteric-smectic transi-
tion during cooling (Fig. 3), the crystal fluidity
changes in the COC-embedded membranes as a
consequence of temperature changes. The ther-
mal molecular motion of COC was frozen and the
alignment of COC in the membrane was poor,
when the manufacturing temperature was below
T,.. Defects might occur during such fabrication
processes. Defects in COC-embedded mem-
branes would lead to the rapid permeation of
salbutamol sulphate across such membranes at
10°C. On the other hand, orientation was also
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Fig. 4. X-ray diffraction intensity curve for cholesteryl oleyl
carbonate. (a) Manufactured and stored at 10°C; (b) manu-
factured and stored at 37° C.
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observed to enhance the transport of molecules
at temperature up to 7,.. The better the orienta-
tion of COC in cellulose nitrate membranes for
manufacturing temperature above the T, the
greater is the penetration of COC across the
membranes. Moreover, alignment will be pro-
moted for storage temperatures above T,. In
order to examine the degree of orientation of
COC in the membrane, an X-ray diffraction study
was carried out at 10 or 37° C. COC was cast on
glass to mimic its behavior in membranes. Fig. 4
shows the X-ray diffraction patterns of cast COC
that had been manufactured and stored above
(37° ©) and below (10° C) T, respectively. Only a
broad band corresponding to the melting of the
alkyl chains (Ohta et al., 1992) was obtained in
Fig. 4a. However, two narrow reflections in the
low-angle region which correspond to the lamel-
lar structure are observed in Fig. 4b as a result of
manufacturing and storage temperature above 7.
From Fig. 4, it is evident the orientation of COC
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Fig. 5. Penetration profile of salbutamol sulphate across
COC-embedded membranes, manufactured at 37°C and
stored at different temperatures, in response to a temperature
change. Storage temperature: () 10°C, (a) 37°C.

0.4

e

Amount of penetration (mglcmz)

Temp. (°C)

] ] il
0] 2 4 3 8

|

Time (hr)
Fig. 6. Penetration profile of salbutamol sulphate across
COC-embedded membranes, manufactured at 10°C and
stored at different temperatures, in response to a temperature
change. Storage temperature: (@) 10°C, (4 ) 37°C.

can be improved by manufacturing and storage
temperatures.

The penetration rate of salbutamol sulphate
might be regulated in response to the tempera-
ture change based on the thermal responsiveness
and oriented aggregation of COC-embedded
membranes. Therefore, the effect of temperature
fluctuation (10 — 25 — 10 — 25°C) on the pene-
trability changes of salbutamol sulphate was in-
vestigated using the COC-embedded membranes.
The effects of manufacturing and storage temper-
atures on the penetration profile of salbutamol
sulphate across COC-embedded membrane, in
response to a temperature change, are shown in
Fig. 5 and 6. When COC-embedded membranes
were manufactured and stored at 37°C (above
T..), the penetration of salbutamol sulphate at
10° C was initially negligible, attributed not only
to the lag time but also to the thermal molecular
motion of COC being frozen. When the tempera-
ture was changed from 10 to 25°C, increased



58 Y.-Y. Lin et al. / International Journal of Pharmaceutics 124 (1995) 53-59

15

10

T
1
t
1
t
v
i
)
[
'
'
|
i
1
1
1
1
1

Amount of penetration (mg/cm?2)

Temp. (°C)
= 5
T T T

] ] ]
) 1 2 3 %
Time (hr)
Fig. 7. Penetration profile of salbutamol sulphate across mem-
branes without COC in response to a temperature change.

penetrability of drug was observed. In this region,
the penetrability of salbutamol sulphate in-
creased markedly, possible as a result of the
activation of thermal molecular motion in the
membrane and/or the enhancement of pore for-
mation. Furthermore, the penetration of drug
was further reduced when the temperature was
lowered from 25 to 10° C. The penetration rate of
salbutamol sulphate was reversibly regulated in
response to a step-wise temperature change be-
tween 10 and 25°C. Similar results can be ob-
tained with membranes manufactured at 37°C
then stored at 10° C (below T.) or manufactured
at 10° C then stored at 37° C. On the other hand,
regularity was also exhibited when COC-em-
bedded membranes were manufactured and
stored at 10° C, however, only to a limited extent.
Thus, the higher the manufacturing or storage
temperature, the better is the alignment of COC
in the membranes, as clearly demonstrated by the
previous discussion, showing the superior regular-
ity for salbutamol sulphate across the mem-
branes. The penetration of salbutamol sulphate
across free membranes with a step-wise tempera-
ture change between 10 and 25°C is shown in

Fig. 7. Apparently, the penetration rate of salbu-
tamol sulphate cannot be controlled by tempera-
ture change. In contrast, in the case of mem-
branes with COC, the penetration rate at 25°C
was greater than that at 10°C.

In conclusion, the COC-embedded membrane
with thermo-responsive penetrability of salbuta-
mol sulphate is mainly dependent on the manu-
facturing temperature and storage conditions.
This suggests that the thermal characteristics of
COC-embedded membranes play an important
role. Thermally on-off switching membranes can
readily be prepared by the vacuum filtration
method at temperatures above T, and achieve
high thermo-responsive efficacy.

References

Beck, L.R., Cowsar, D.R., Lewis, D.H., Cosgrove, R.J., Jr,
Riddle, C.T., Lowry, S.L. and Epperly T., A long-acting
injectable microcapsule system for the administration of
progesterone. Fertil. Steril., 31 (1979) 545-551.

Blok, M.C., Van Deenen, L.L. and De Gier, J., Effect of the
gel to liquid crystalline phase transition on the osmotic
behavior of phosphatidylcholine liposomes. Biochim. Bio-
phys. Acta, 443 (1976) 1-12.

Chau, C.C. and Raspor, O.C., Gas transport and diffusive
resistance in highly oriented high-density polyethylene. J.
Polym. Sci. B: Polym. Phys., 28 (1990) 631-645.

Fettiplace, R. and Hydon, D.A., Water permeability of lipid
membranes. Physiol. Rev., 60 (1980) 510-550.

Franz, T.Z., Percutaneous absorption on the relevance of in
vitro data. J. Invest. Dermatol., 64 (1975) 190-195.

Hisao, T., Chie, N., Hironori, Y. and Setsuo, K., Preparation
of theophylline-loaded calcium alginate gel capsules and
evaluation of their drug release characteristics. Chem.
Pharm. Bull., 41(1993) 2161-2165

Iwata, H., Qodate, M., Uyama, Y., Amemiya, H. and Ikada,
Y., Preparation of temperature-sensitive membranes by
graft polymerization onto a porous membrane. J. Membr.
Sci., 55 (1991) 119-130.

Knutson, K., Pott, R.O., Guzek, D.B., Golden, G.M., McKie,
J.E., Lambert, W.J., and Higuchi, W.1., Macro- and molec-
ular physical considerations in understanding drug trans-
port in the stratum corneum. J. Controlled Release, 2
(1985) 67-87.

Lawson, A.A.H., Clinical and pharmacological studies with
transdermal clonidine. In Prescott, L.F. and Nimmo, W.S.
(Eds), Rate Control of Drug Therapy, Churchill Living-
stone, Edinburgh, 1985, pp. 215-223.

Lin, S.Y., Hou, S.J., Hsu, T.H.S. and Yeh, F.L., Comparisons
of different animal skins with human skin in drug percuta-



Y.-Y. Lin et al. / International Journal of Pharmaceutics 124 (1995) 53-59 59

neous penetration studies. Methods Find. Exp. Clin. Phar- kylsalicylidene)ethylenediaminato] nickel(II) complexes.
macol., 14 (1992) 645-654. Mol. Cryst. Lig. Cryst., 214 (1992) 161-169.

Ohta, K., Morizumi, Y., Fujimoto, T. and Yamamoto, 1., Rod Okahata, Y., Nogucyhi H. and Seki, T., Thermal selective
like liquid crystals of organic transition metal complexes: permeation from a polymer-grafted capsule membrane.
31. A reversible transition between dimer smectic E phase Macromolecules, 19 (1986) 493-494.

and monomer smectic A phase in the [N N’-bis(5-al-



