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Abstract. A thermo-responsive membrane was developed by adsorbing the binary liquid crystals (LC) onto the
cellulose nitrate membrane. The binary LC mixture is consisted of 36% cholesteric oleyl carbonate (COC) and
64% cholesteryl nonanoate (CN). The physico-chemical and the thermo-responsive properties of this binary LC
adsorbed-membrane were examined. The results indicate that the adsorption behavior of binary LC mixture on the
cellulose membrane was quick and reached to the equilibrium about 10 min, and linearly correlated with the increase
of LC concentration used. The hydrophilic membrane was hydrophobicized after adsorption of binary LC mixture.
The focal conic fan textures of binary LC mixture were observed from the surface of cellulose membrane. Due to
the obedience and reproducibility of the binary LC used, the binary LC mixture-adsorbed membrane continuously
exhibited an on-off thermo-responsive sensitivity to control the drug penetration.
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Introduction

Recently, the concept of chronotherapy has been con-
siderably adopted for the clinical therapy (Levi, 1996;
Lemmer, 1997). The rational chronotherapy is the reg-
imen of drug administration according to biological
rhythm to maximize pharmacological effects and min-
imize side effects. The ideal drug delivery system
not only performs or pumps with constant or pro-
grammable delivery rates, but also delivers a drug at
a definite time responding to signals from the hu-
man body when physiologically needed (Bruguerolle,
1998). This pulsatile drug delivery is similar to biologi-
cal rhythms in human body, it can empirically modulate
drug release at the predetermined time (D’Emanuele,
1996), resulting in better drug therapy by avoiding the
side effect and tolerance of drug.

In our previous studies (Chen et al., 1996; Lin et al.,
1996a, 1996b, 1998, 2000a, 2000b), a novel thermo-
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responsive liquid crystal (LC)-embedded membrane
has been successfully developed with a pulsatile func-
tion in response to thermal stimuli. The on-off thermo-
responsive function of this LC-embedded membrane
was conducted by altering the repeated temperature
cycle. A vacuum-filtration method was applied to em-
bed a single or binary cholesteric LC into the cellulose
nitrate or nylon membrane to have a pulsatile on-off
drug release behavior. Since the cholesteric LC used
in these investigations possessed a hydrophobic prop-
erty, it must dissolve in trihalomethanes such as chloro-
form before use. The vacuum-filtration method is too
complicated for manufacturing, due to, the exposure
chances to chloroform. Due to the severe toxicity of
chloroform (Plaa, 2000; Delic et al., 2000), the oc-
cupational exposure to the organic solvent should be
prevented. Thus a method other than vacuum-filtration
must be considered. In our preliminary study, the ad-
sorption method is a hopeful candidate, which not only
may easily operate but also can prepare the membrane
with thermo-responsive function.
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The purpose of this study is to develop a novel
thermo-responsive membrane by adsorbing the binary
LC onto the cellulose nitrate membrane. The physico-
chemical properties and the thermo-responsive efficacy
of this binary LC adsorbed-membrane were examined.

Materials and Methods

Materials

Cholesteric oleyl carbonate (COC) and cholesteryl
nonanoate (CN) were purchased from Sigma Chem.
Co. (St. Louis, MO, USA) and used without further
purification. Cellulose nitrate membrane (pore size:
0.2µm, diameter: 25 mm) was obtained from Whatman
Limited (Maidstone, England). Salbutamol sulfate was
used as a model drug and purchased from Huhtamaki
OY Pharm. (Helsinki, Finland). All other reagents and
chemicals were of reagent grade.

Adsorption Study

Nine pieces of cellulose membrane were immersed in
each 20 ml of different chloroform binary LC concen-
trations (10–25%, w/v) in a sealed dish, respectively.
The weight ratio of binary LC mixture is 36% COC :
64% CN (Lin et al., 2000b). At the prescribed intervals,
all the membranes were taken off and vacuum-dried at
25◦C for 30 min. The weight of each membrane was
accurately weighed, and mean was obtained (n = 9).

Fabrication of the Binary LC
Mixture-Adsorbed Membrane

The binary LC-adsorbed membrane was prepared by
an adsorption method. A cellulose nitrate membrane
was immersed in the above different concentrations of
binary LC (36% COC : 64% CN) mixture in a sealed
dish at 25◦C for 10 min, respectively. The membrane
was withdrawn, vacuum dried at 25◦C, and stored at
25◦C for in vitro penetration study.

Contact Angle of the Binary LC
Mixture-Adsorbed Membrane

The contact angle of the binary LC mixture-adsorbed
membrane was determined by a Goniometer (Type G-l,
Erma Optical Work Ltd., Tokyo, Japan) using sessile

drop method with distilled water. Determination was
repeated 6 times for each membrane to obtain mean
value.

Microscopic Observation

Surface modification of the binary LC mixture-
adsorbed membrane was observed with an optical mi-
croscopy (Olympus, BH2, Tokyo, Japan).

In vitro Drug Penetration Study

In vitro drug permeation was studied using a fluid/fluid
diffusion cell (Chen et al., 1996; Lin et al., 1996a,
1996b, 1998, 2000a). The binary LC mixture-adsorbed
membranes were carefully mounted in a two-chamber
diffusion cell having an available diffusion area of
2.91 cm2 and a half-cell volume of 15 ml. The per-
meation study was carried out by repeatedly exchang-
ing the temperature cycle (30◦C ⇔ 37◦C) of the water
bath at predetermined intervals. One percent of salbu-
tamol sulfate aqueous solution was put into the donor
cell, but the receptor chamber was filled only with dis-
tilled water. The amount of salbutamol sulfate perme-
ated was assayed spectrophotometrically at 277 nm.
The penetration rate was obtained from the slope of
permeation curve at each period. The results were pre-
sented as mean ± standard deviation (S.D.) of three
experiments.

Results and Discussion

Physico-Chemical Properties of the Binary LC
Mixture-Adsorbed Membrane

The results for the adsorption of binary LC mixture
on cellulose nitrate membrane are shown in Fig. 1. It
clearly indicates that the adsorption behavior of binary
LC mixture on the cellulose membrane was quick and
reached to the equilibrium about 10 min. Moreover, the
amount of LC adsorbed was linear with the increase of
LC concentration used. This suggests that the greatest
adsorption capability of LC on cellulose membrane was
dependent on the concentration of LC used.

The contact angle was used to examine the surface
modification of the cellulose nitrate membrane after ad-
sorption of the binary LC mixture. It was found that the
membrane did not contain the binary LC mixture, its
contact angle of water was near zero. Once the binary
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Figure 1. The adsorption behavior of binary LC mixture adsorbed on cellulose membrane and its relationship with the LC concentration used
Key: Concentration of binary LC mixture used. ◦: 10%; �: 15%; �: 18%; •: 20%; �: 22%; �: 25%.

LC mixture was adsorbed on the membrane, even in
a small amount, the contact angle of water increased
significantly to 85 ± 2◦, which was also found in our
previous studies (Chen et al., 1996; Lin et al. 1995).
This indicates that the hydrophilic membrane was hy-
drophobicized by the adsorption of binary LC mixture.
The surface modification of membrane after LC ab-
sorption was also found from the optical micropho-
tographs, as shown in Fig. 2. Obviously, focal conic
fan textures of cholesteric phase of binary LC mixture
were observed on the surface of cellulose membrane.
This implies that the binary LC mixtures were exactly
loaded on the cellulose nitrate membrane.

Penetration of Drug through the Binary LC
Mixture-Adsorbed Membrane

Our previous studies have found that the binary mix-
ture of 36% COC and 64% CN had two endother-
mic peaks at 35.1◦C and 65.8◦C in DSC curve (Lin
et al., 2000b). The former peak was due to the solid-
cholesteric transition and the latter peak was responded
to the cholesteric-isotropic transition (Griffen and
Porter, 1973; Tai and Lee, 1990). Thus in order to eval-
uate the thermo-responsive efficacy of this binary LC
mixture-adsorbed cellulose membrane, the penetration
study was in vitro performed by a system with step-
wise change in temperature cycle between 30◦C (“off”
state) and 37◦C (“on” state). Figure 2. (A) LC-free membrane, (B) LC-adsorbed membrane.
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Figure 3. In vitro penetration profile of salbutamol sulfate through the binary LC mixture-adsorbed new membrane at 30◦C for 4 hrs and then
changed to 37◦C for 3 hrs. Key: Concentration of binary LC mixture used. ◦: 10%; �: 15%; �: 18%; •: 20%; �: 22%; �: 25%. The bars
indicate the mean (n = 3) ± standard deviation.

Figure 4. In vitro penetration profile and rate of salbutamol sulfate across the 7 hrs-penetrated membrane (Fig. 3) in response to temperature
cycles of 30◦C and 37◦C. Key: Concentration of binary LC mixture used.◦: 10%; �: 15%; �: 18%;•: 20%; �: 22%; �: 25%. The bars indicate
the mean (n = 3) ± standard deviation.
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Figure 3 shows the penetration profile of salbuta-
mol sulfate through the binary LC mixture-adsorbed
membrane at 30◦C for 4 hrs and then changed to
37◦C for 3 hrs. Obviously, when the drug penetra-
tion study was carried out at 30◦C, which was below
the phase transition temperature of 35.1◦C, the pene-
trated amount of drug through this binary LC mixture-
adsorbed membrane is lower. Furthermore, the higher
the concentration of binary LC mixture used the slower
the penetrated amount of drug obtained. Once the tem-
perature was changed from 30 to 37◦C, which was
above the phase transition temperature of 35.1◦C, the
penetration of drug increased significantly. The marked
increase in drug penetration might be caused by acti-
vation of thermal molecular motion of liquid crystal
on the membrane and/or an enhancement of pore for-
mation around the domain of liquid crystal (Kajiyama
et al., 1982; Washizu et al., 1984). This implies that the
binary LC mixture-adsorbed membrane had a thermo-
responsible property.

In order to evidence the thermo-reversible repro-
ducibility of this binary LC mixture-adsorbed mem-

Figure 5. In vitro penetration profile and rate of salbutamol sulfate across the binary LC mixture-adsorbed new membrane in response to
temperature cycles of 30◦C and 37◦C. Key: Concentration of binary LC mixture used. ◦: 10%; �: 15%; �: 18%; •: 20%; �: 22%; �: 25%.
The bars indicate the mean (n = 3) ± standard deviation.

brane, the above membranes after 7 hrs-penetration
study were used again to perform the penetration study
but step-wise changed the temperature cycle between
30◦C and 37◦C, as shown in Fig. 4. It is evident that the
penetration behavior of drug through this reused mem-
brane was different from the results of Fig. 3. Partic-
ularly, there was no thermo-reversible on-off function
for the membrane prepared by lower concentration of
binary LC mixture. However, the thermo-reversible on-
off function was found for the membrane prepared by
>20% concentration of binary LC mixture used. The
22% and 25% seem to be the most suitable concentra-
tions for preparing the thermo-responsive membrane.
This suggests that the penetration rate of salbuta-
mol sulfate through this reused membrane was still
thermo-reversibly regulated in response to the temper-
ature change. When a new binary LC mixture-adsorbed
membrane was used for drug penetration, a different re-
sult was found, as shown in Fig. 5. Obviously, the pen-
etration rate of drug was reduced for new membrane,
particularly for the membrane prepared by the concen-
tration of binary LC mixture >20%. Like the reused
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membrane, the thermo-reversible on-off function was
also found for the membrane prepared by the higher
concentration (>20%) of binary LC mixture used.

It should be noted that the reused membrane had
a faster and higher penetration rate in the first tem-
perature cycle of 30◦C (“off” state), which was sig-
nificantly different from the new membrane. After the
first temperature cycle, however, the drug penetration
slowed down and reverted to maintain the constant
rate in the “on” state but was minimized in the “off”
state. The LC seems to return to the natively thermal
property. This phenomenon implies that the LC used
exhibited obedient and reproducible characteristics to
temperature response. A new membrane started from
the “off” state, it exactly obeyed the temperature re-
sponse to control the drug penetration. This reveals
that the obedience and reproducibility of the binary
LC used and also suggests the usefulness of the binary
LC mixture-adsorbed membrane continuously held the
thermo-responsive sensitivity.

In conclusion, the present result indicates that the
binary LC (36% COC : 64% CN) mixture-adsorbed
membrane was sensitive and reproducible to the tem-
perature response, and was able to have rate-controlled
and thermo-responsive function.

Acknowledgments

This work was supported by National Science Council,
Taipei, Taiwan, Republic of China (NSC-89-2314-B-
Q75-138).

References

Bruguerolle, B., “Chronopharmacokinetics: Current Status,” Clin,
Pharmacokinet., 35, 83–94 (1998).

Chen, K.S., Y.Y. Lin, and S.Y. Lin, “Thermally On-Off’ Switching
Nylon Membrane for Controlling Drug Penetration,” Drug Deliv-
ery System (Japan), 11, 55–611 (1996).

Delic J.I., P.D. Lilly, A.J. MacDonald, and G.D. Loizou, “The Ultility
of PBPK in the Safety Assessment of Chloroform and Carbon
Tetrachloride,” Reg. Toxicol. Pharmacol., 32, 144–155 (2000).

D’Emanuele, A., “Responsive Polymeric Drug Delivery,” Clin. Phar-
macokinet., 41, 241–245 (1996).

Griffen, C.W. and R.S. Porter, “Phase Studies on Binary Systems of
Cholesteryl Ester: A Two Aliphatic Ester Pairs,” Mol. Cryst. Liq.
Cryst., 21, 77–98 (1973).

Kajiyama, T., Y. Nagata, S. Washizu, and M. Takayagi, “Charac-
terization and Gas Permeation of Polycarbonate/Liquid Crystal
Composite Membrane,” J. Membrane Sci., 11, 39–52 (1982).

Lemmer, B., “Chronopharmacological Aspects of PK/PD Model-
ing,” Int. J. Clin. Pharmacol. Ther., 35, 458–464 (1997).

Levi, E., “Chronotherapy for Gastrointestinal Cancers,” Curr. Opin.
in Oncol., 8, 334–341 (1996).

Lin, S.Y., Y.Y. Lin, and K.S. Chen, “Thermo-Responsive Function of
Liquid Crystal-Embedded Cellulose Nitrate Membrane Influenced
by Pore Size of Membrane,” Pharm. Pharmacol. Lett., 5, 159–161
(1995).

Lin, Y.Y., K.S. Chen, and S.Y. Lin, “Development and Investigation
of a Thermo-Responsive Cholesteryl Oleyl Carbonate-Embedded
Membrane,” J. Control. Rel., 41, 163–170 (1996a).

Lin, S.Y., Y.Y. Lin, and K.S. Chen, “Permeation Behavior of Salbu-
tamol Sulfate through Hydrophilic and Hydrophobic Membranes
Embedded by Thermo-Responsive Cholesteryl Oleyl Carbonate,”
Pharm. Res., 13, 914–919 (1996b).

Lin, S.Y., K.S. Chen, and Y.Y. Lin, “pH of Preparations Affect-
ing the On-Off Drug Penetration Behavior through the Thermo-
Responsive Liquid Crystal-Embedded Membrane,” J. Control.
Rel., 55, 13–20 (1998).

Lin, S.Y., K.S. Chen, and Y.Y. Lin, “Artificial Thermo-Responsive
Membrane Able to Control On-Off Switching Drug Release
Through Nude Mice Skin Without Interference from Skin-
Penetrating Enhancers,” J. Bioact. Comp. Polym., 15, 170–181
(2000a).

Lin, S.Y., H.Y. Tseng, and M.J. Li, “Phase Studies and Thermal
Stability of Binary Systems of Cholesteric Liquid Crystals,” Appl.
Phys. A., 70, 663–668 (2000b).

Plaa, G.L., “Chlorinated Methanes and Liver Injury: Highlights of
the Past Years,” Annu. Rev. Pharmacol. Toxicol., 40, 42–65 (2000).

Tai, H.S. and J.Y. Lee, “Phase Transition Behaviors and Selective
Optical Properties of a Binary Cholesteric Liquid Crystals Sys-
tem: Mixtures of Oleyl Cholestryl Carbonate and Cholesteryl
Nonanate,” J. Appl. Phys., 67, 1001–1006 (1990).

Washizu, S., I. Terada, T. Kajiyama, and M. Takayagi, “Gas Per-
meation through Polymer/Liquid Crystal Composite Membrane,”
Polym J., 16, 307–316 (1984).


