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bstract

Stimuli-sensitive membranes may act as “on–off switches” or “permeability valves”, producing patterns of pulsatile release, where the period
nd rate of mass transfer can be controlled by external or environmental triggers. In this study, cellulose nitrate (CN) and cellulose acetate
CA) monolayer membranes containing thermotropic liquid crystals (LC) were developed as thermoresponsive barriers for drug permeation.

low molecular thermotropic LC, n-heptyl-cyanobiphenyl (K21), with nematic to isotropic phase transition temperature (Tn–i) of 41.5 ◦C was
hosen to modulate drug permeation. Methimazole and paracetamol as hydrophilic and hydrophobic drug models were used, respectively. It
as found that upon changing the temperature of the system around the Tn–i, both cellulose membranes without LC showed no temperature

ensitivity to drug permeation, whereas the results for LC entrapped membranes exhibited a distinct jump in permeability when temperature was
aised to above the Tn–i of the liquid crystal for both drug models. On the other hand, drug permeation through these LC embedded membranes
an be thermally modulated. Thermoresponsive drug permeation through the membranes was reversible, reproducible and followed zero order

inetics. Liquid crystal embedded cellulose acetate membranes showed more temperature sensitivity than liquid crystal embedded cellulose nitrate
embranes, apparently due to higher LC loading in their porous matrix compared to CN membranes. The pattern of on–off permeation through
C embedded membranes was more distinguished for methimazole compared to that of paracetamol, seemingly due to its lower molecular
eight.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Current approaches to the development of drug delivery
ystems are based typically on the premise that relationship
etween the plasma concentration and therapeutic effect of a
rug is invariant with time. It has been recognized for some
ime, however, that this approach may not be appropriate for
ertain drugs and it has been suggested that therapeutic effi-
acy may be improved by the utilization of triggered, pulsed
nd programmed delivery systems (D’Emanuele, 1996; Kost and

anger, 2001). The fabrication of such smart systems requires

he use of stimuli-sensitive materials (Bussemer et al., 2001).
mong these materials, liquid crystals (LC) have attracted
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ttentions due to their sharp, positive, reversible and multi-
timuli responses. Studies on lyotropic LCs in drug delivery
oes back to some years ago (Wahlgren et al., 1984; Makai et
l., 2003). However, the concept of using thermotropic LCs as
timuli-sensitive materials in responsive drug delivery systems
s new and only few works have been carried out in this field
Dinarvand and Ansari, 2003). Studies on photochromic azoben-
ene LCs as controlled release drug delivery systems have shown
hat cellulose nitrate membranes embedded with two different
ommercially available LCs of this category are reversibly ther-
oresponsive and the rate of drug transport through them was

ependent on the amount of LC deposited on the membrane
Watson et al., 1999, 2001). Another thermoresponsive mem-

rane was developed by adsorbing the binary cholesteric LCs,
6% cholesteryl oleyl carbonate (COC) and 64% cholesteryl
onanoate (CN) solved in an organic solvent into the cellulose
itrate membranes (Lin et al., 2002a). Ng et al. (2001) prepared
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thermoresponsive membrane using absorption techniques with
n appropriate molar ratio of two saturated straight chain alka-
es, docosane (C20H42) and eicosane (C22H46) with melting
oints of 44.4 and 36.7 ◦C, respectively. In our previous works,
riple layer polymeric membranes containing cyanobiphenyl
iquid crystals were successfully developed (Dinarvand et al.,
005, 2006). In this study, a kind of monolayer compos-
te membrane is prepared in which n-heptyl cyanobiphenyl
K21), as the liquid crystalline (LC) material, embedded in
he matrix of cellulose membranes. Manufacturing and using
monolayer membrane is much simpler than triple layer poly-
eric membranes. N-Heptyl cyanobiphenyl liquid crystal is a

hermotropic LC with a nematic to isotropic phase transition
emperature (Tn–i) of about 41.5 ◦C close to the body temper-
ture. Due to the low melting point of K21, there is no need
o use any solvent as used for the cholesteric LCs by Lin et
l. (2002a,b).

Porous substrates can be modified to produce membranes
ith variable and controllable permeability. Responsive mate-

ials can be either physically placed in the pores or covalently
ttached to the pore surfaces. The porous substrate acts as an
nert and, usually impermeable physical support, while the pore-
lling, responsive materials, such as polymers, cross-linked
ydrogels and LCs, respond to external stimuli to control drug
iffusion (Ng et al., 2001). Two different types of cellulose
embranes, cellulose nitrate (CN) and cellulose acetate (CA),
ith porous spongy like matrixes were used in this study. It has

lready been shown that liquid crystal molecules can physically
e adsorbed within the pores of the cellulose membranes (Lin
t al., 2002b).

Such thermoresponsive LC embedded membranes are much
ermeable to drug molecules at temperatures above 41.5 ◦C. One
an envisage to use this triggerable drug delivery system that
eleases drug only above a certain temperature as a drug reser-
oir system. One of the rationales for such thermoresponsive
ystem may be the potential for their use in chemotherapeu-
ics delivery under local hyperthermia. The synergistic effect of
hemotherapy and hyperthermia has already been established
Gofrit et al., 2004).

. Experimental

.1. Materials

N-Heptyl cyanobiphenyl (K21) as a thermotropic liquid crys-
al was purchased from Merck Co. (Darmstadt, Germany).
ellulose nitrate membranes (pore size 0.22 �m, diameter
9 mm, thickness 125 �m, porosity 63.9%) were obtained from
hatman (Maidstone, UK). Cellulose acetate membranes (pore

ize 0.45 �m, diameter 47 mm, thickness 100 �m, porosity
1.4%) were obtained from Macherey–Nagel (Duren, Ger-
any). Methimazole and paracetamol (USP 25) were kindly

onated by Sobhan Pharma Co., Iran, and Alhavi Pharma

o., Iran, respectively. All other solvents and reagents used
ere of analytical grade. The chemical structures of n-heptyl

yanobiphenyl, methimazole and paracetamol are shown in
ig. 1.

b
o
e
t

ig. 1. Chemical structure of: (a) paracetamol (C8H9NO2), (b) methimazole
C4H6N2S) and (c) n-heptyl-cyanobiphenyl (K21).

.2. Determining the porosity of CN and CA membranes

Three dry CN and CA membranes weighed carefully. Then
he membranes were submerged in distillated water. In different
ime interval, they were taken out from the media and padded
ith clothing and weighed again. After reaching to equilibrium,

he difference between weights of soaked membranes and dry
nes give the amount of liquid filled the pores. The porosity is
hen calculated by dividing the volume of the liquid absorbed
y the membrane by the total volume of the membrane.

Porosity =
Maximum volume of liquid absorbed

to the membrane

Total volume of the membrane

.3. Preparation of liquid crystal embedded cellulose
cetate membranes

Cellulose acetate membranes have a hydrophobic nature
similar to LC materials). For preparation of liquid crys-
al embedded cellulose acetate membranes, the disk-like CA
heets were soaked in n-heptyl cyanobiphenyl (K21) previ-
usly warmed to above the nematic–isotropic phase transition
f K21 (41.5 ◦C). At above this temperature, LC molecules are
t isotropic phase and can therefore move around freely and dis-
ributed within the membranes pores easier. Lin et al. (2002a)
howed that with preparing membranes in temperatures above
he Tn–i of LC materials, a higher temperature sensitivity can be
chieved. At different time intervals, membranes were taken out
nd weighed after the extra amount of LC on their surfaces were
emoved. Reaching to a constant weight means that the mem-

ranes are saturated with K21. For the removal of LC remained
n the surface, sheets were washed with distillated water at the
nd of the process. Scanning electron microscopy was applied
o see the embedding result of K21 in the membrane matrix.
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ig. 2. A simple schematic diagram of the system used for preparation of liquid
rystal entrapped cellulose nitrate and acetate membranes.

.4. Preparation of liquid crystal embedded cellulose
itrate membranes

Cellulose nitrate membranes have a hydrophilic nature
unlike LC materials) therefore the embedding process of liquid
rystal molecules is not as easy as CA membranes. In this case
he use of vacuum was tried to get LC molecules inside the CN
ores. For preparation of LC embedded CN membranes, K21
as warmed up to 46 ◦C (above its Tn–i) and an extra volume

more than the porosity of the membrane) of K21 was passed
hrough the CN membranes, previously set on a sintered glass
unnel, by means of vacuum. A schematic representation of such
ystem is shown in Fig. 2. The degree of vacuum should be reg-
lated to pull LC into the matrix of the membrane but it should
ot be very high so that K21 molecules can exit from the other
ide of the membrane. Weight change of the membranes before
nd after the soaking process gives the actual amount of K21
mbedded within the membranes. To ensure saturation of all
embranes with K21, this amount should be in close agree-
ent with the predicted value of weight gain in the membranes

egarding to the density of K21, and porosity and thickness of
he membranes. For the removal of LC remained on the sur-
ace, sheets were washed with distillated water at the end of the
rocess. The textures of membranes were observed by scanning
lectron microscopy at the end of the process to double-check
he LC entrapment. All variations such as degree of vacuum, the
emperature of K21, the amount of LC used were the same for
ll batches of LC embedding CN membranes.

.5. Scanning electron microscopy (SEM)

The membranes were coated with gold by a SCD 004 sputter
oater (Balzers, Germany). The coated membranes were then
iewed with a DSM 960A scanning electron microscope (Zeiss,
ermany).
.6. Permeation studies

The effect of temperature on the permeation of two drug mod-
ls, methimazole (C4H6N2S, MW = 114.17) and paracetamol

L
c
m
i
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C8H9NO2, MW = 151.17) through LC embedded membranes
as measured by determining the amount of drug permeated

t different temperatures against time. To determine the solute’s
ermeability, both CA and CN membranes (LC embedded) were
lamped in a two-chamber horizontal diffusion cell that had
n available permeation area of about 1.98 cm2 and a half cell
olume of about 130 ml. Permeation tests were carried out at dif-
erent constant temperatures below and above the Tn–i of K21
41.5 ◦C) for about 12 h. Before each test, LC embedded mem-
ranes were soaked in the phosphate buffer solution of the same
emperature for at least 2 h.

One percent of drug buffer solution (phosphate buffer, pH
.4) was put into the donor cell, but receptor chamber was
lled with drug free buffer solution with the same pH. The
iffusion cell immersed in thermostated water bath with tem-
erature fluctuations of ±0.1 ◦C (Memmert, Germany). The
olution of each compartment was stirred at 100 rpm to elim-
nate boundary layer effects. At different time intervals, an
liquot of 4 ml was removed and replaced with the same vol-
me of blank phosphate buffer solution. The amount of drug
ermeated through the membrane was monitored over time by
V absorbance measurement at 251.1 and 243 nm for methi-
azole and paracetamol, respectively. The amount permeated
as plotted against time. The tests were generally performed

n triplicates. The permeation rate is obtained from the slope
f permeation curve at each temperature. To see if the K21 has
emained inside the pores and has not leaked out, LC embed-
ed membranes were weighted before and after the permeation
xperiments.

The permeation study was also examined for both drugs
nd both LC embedded membranes by regulating the temper-
ture between 30 and 46 ◦C alternatively (below and above
he Tn–i of K21) to investigate the reversibility and repro-
ucibility of the temperature dependence of drug permeation
hrough the membranes. Permeation coefficients of LC embed-
ed membranes are obtained from the slope of permeation curves
t each temperature. All permeation tests were performed in
riplicates.

. Results and discussion

.1. Scanning electron microscopy

Fig. 3 shows the SEM images of K21 embedded CN mem-
rane (a); K21 embedded CA membrane (b); CA membranes
ithout LC embedding (c), respectively. The entrapment of K21

n the spongy-like matrix of the cellulose membranes can be
learly observed.

.2. Drug permeation at constant temperatures

.2.1. Permeation through LC entrapped CA membranes
Figs. 4 and 5 show the permeation of methimazole through
C entrapped and blank CA membranes, respectively. As it
an be seen methimazole permeation through LC entrapped CA
embranes at temperatures above liquid crystal’s Tn–i (41.5 ◦C)

ncreases substantially compared to that at temperatures below
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at temperatures above the phase transition temperature of K21
(41.5 ◦C).
ig. 3. SEM images of a cellulose membrane: (a) CN membrane without LC,
b) LC entrapped CN membrane and (c) LC entrapped CA membrane.

n–i of the LC. However, as it can be seen in Fig. 5, permeation
f methimazole through control membranes (CA membranes
ithout LCs) shows no significant differences upon changes in

emperatures below and above the phase transition temperature

f K21 (41.5 ◦C).

On the other hand, in all temperatures, drug permeation
hrough control membranes was not thermoresponsive. This
upports the idea that molecular inherent diffusivity change of

F
a
K

erent temperatures below and above the phase transition temperature of the LC
n = 3).

ethimazole in terms of temperatures below and above the Tn–i
f K21 is small and the LC component of membranes pro-
ides thermoresponsive control of drug permeation through LC
mbedded membranes. Another point which is seen in these
gures is that methimazole permeation through control CA
embranes is much greater than that through the LC embed-

ed membranes. This shows that the presence of liquid crystal
olecules within the pores of the polymeric membranes limits

he drug permeation as expected. Fig. 6 shows the permeation
f paracetamol through LC embedded CA membrane at differ-
nt temperatures. It can be seen that paracetamol permeation
hrough LC entrapped CA membranes at temperatures above
iquid crystal’s Tn–i (41.5 ◦C) increases substantially compared
o that at temperatures below it. The permeation pattern of parac-
tamol through blank CA membrane (without LC) was similar
o that of methimazole (data not shown here). Permeation coef-
cients of paracetamol and methimazole through LC entrapped
A membranes at different temperatures are shown in Fig. 7.
ermeation coefficients of both drug molecules through the
embranes are seen to increase by several orders of magnitude
ig. 5. Methimazole permeation through blank CA membranes (without LCs)
t different temperatures below and above the phase transition temperature of
21 (n = 3).
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Fig. 6. Paracetamol permeation through K21 embedded CA membranes at dif-
ferent temperatures below and above the phase transition temperature of K21
(n = 3).

F
e
t

3

e
f
b
m

F
f
(

F
a
K

n
a
m
permeation of both methimazole and paracetamol through LC
embedded CN membranes at temperatures above the nematic to
isotropic phase transition temperature of K21 increases substan-
tially compared to that at temperatures below K21 Tn–i (41.5 ◦C).
ig. 7. Methimazole and paracetamol permeation coefficients through K21
mbedded CA membranes at different temperatures below and above the phase
ransition temperature of K21 (n = 3).

.2.2. Permeation through LC embedded CN membranes
Figs. 8 and 9 show the methimazole permeation through LC

ntrapped and blank CN membranes, respectively. The results

or paracetamol permeation through LC entrapped CN mem-
rane is shown in Fig. 10. As expected the permeation of
ethimazole through blank CN membranes (without LCs) show

ig. 8. Methimazole permeation through K21 embedded CN membranes at dif-
erent temperatures below and above the phase transition temperature of the LC
n = 3).
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ig. 9. Methimazole permeation through blank CN membranes (without LCs)
t different temperatures below and above the phase transition temperature of
21 (n = 3).

o significant differences upon changes in temperatures below
nd above the Tn–i of K21 (Fig. 9). The same was true for
ethimazole (data not presented here). It can be seen that the
ig. 10. Paracetamol permeation through K21 embedded CN membranes at
ifferent temperatures below and above the phase transition temperature of the
C (n = 3).

ig. 11. Methimazole and paracetamol permeation coefficient through K21
ntrapped CN membranes at different temperatures below and above the phase
ransition temperature of K21 (n = 3).
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Fig. 12. A schematic diagram of temperature sensitivity of the liquid crystal embedded polymeric membranes: K, crystal; N, nematic phase; I, isotropic phase.

Fig. 13. Methimazole (a) and paracetamol (b) permeation through K21 embedded CA membranes with thermal cycling between 30 ◦C (below the phase transition
temperature of K21) and 46 ◦C (above the phase transition temperature of K21) (n = 3).
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ig. 14. Methimazole (a) and paracetamol (b) permeation through K21 embedd
emperature of K21) and 46 ◦C (above the phase transition temperature of K21)

Permeation coefficients of paracetamol and methimazole
hrough K21 embedded CN membranes at different tempera-
ures are shown in Fig. 11. Permeation coefficients of both drug

odels through the membranes is increased by several orders
f magnitude at temperatures above the Tn–i of K21 (41.5 ◦C).
s the temperature of K21 increases, it changes to the nematic
hase (N) and then to isotropic (I) which the molecules can
ove at all directions easily. On a microscopic level, the rod

ike K21 molecules are locked in place and aligned when sam-
le is at crystalline (K) phase. The molecules are still aligned
nd ordered at nematic (N) phase but with slight freedom of
ovement at one direction. When the liquid crystal becomes

sotropic at temperatures above the Tn–i (41.5 ◦C), the molecules
re free to translate and rotate at any directions. Disruption in
he orientation and transforming from anisotropic liquid crystal
o an isotropic liquid provides more rooms for drug molecules
o permeate (Fig. 12). Ratto (1993) observed the same behavior.

hey prepared a polymer–liquid crystal composite membrane
onsisting of a sulfonic perfluorinated ionomer, Nafion, and
nematic liquid crystal, 4-cyano-4′-n-hexylbiphenyl in poly-
er by swelling methods. Preliminary oxygen and nitrogen

l
o
c
d

N membranes with thermal cycling between 30 ◦C (below the phase transition
).

ermeation through this system jumps by some five orders of
agnitude at the crystal-nematic transition of this composite
embrane.
As it can be seen in Figs. 7 and Fig. 11, drug permeation

oefficients through LC entrapped CA membranes are more
hermoresponsive than that through LC entrapped CN mem-
ranes. However, this difference is not very considerable. It can
e explained by the fact that CA membranes have greater poros-
ty than CN membranes. This causes more LC to be loaded
n them compared to CN membranes. Watson et al. (1999,
001) and Nozawa et al. (1991a,b) showed that the amount of
C deposited on the membranes has a significant effect on the

emperature sensitivity of the membrane. They showed that the
igher the porosity is, the more LC will be filled in the porous
atrix and the bigger temperature sensitivity will be expected.
At the present study, LC material is filled inside the pores of

N and CA membranes. Temperature sensitivity in the mono-

ayer LC embedded membranes showed a small dependency
n the molecular size and hydrophilicity of drug models. This
an be attributed to the difference between molecular size of
rug models and LC materials. K21 molecules are in the cate-
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ory of low molecular weight liquid crystals. Therefore, one
eason for better on–off permeation of methimazole through
he membranes may be due to its smaller MW (114.17 g/mol)
ompared to paracetamol (151.17 g/mol). Another reason may
e the hydrophilicity of methimazole compared to paraceta-
ol. These hypotheses are supported by our previous findings

Dinarvand and Ansari, 2003; Dinarvand et al., 2005) in which
t was demonstrated that a low molecular weight drug model
uch as hydroxyurea (MW 78 g/mol) showed a temperature sen-
itive permeation better than methimazole (MW 114.17 g/mol)
hrough thermotropic liquid crystal embedded membranes. In a
revious study the drug permeation through triple layer mem-
ranes in which a uniform layer of LC sandwiched between two
heets of CN membranes was investigated. A high dependence
f drug transport through those membranes on the molecular
ize of the drug models was observed (Dinarvand et al., 2006).
n this study, the lower dependence of drug transport through C
mbedded membrane may be attributed to the lack of a uniform
ayer of LC like the one existed in former membranes.

Weights of LC embedded membranes before and after each
xperiment was measured to detect any loss of LC during the
ermeation experiment. No significant changes in the weights
f membranes before and after experiments were observed. It
hows that LC molecules are kept into the pores and are not
ashed out from the membrane at all. Lin et al. (1996) prepared

holesteryl oleyl carbonate embedded CN membranes for study-
ng thermoresponsive permeation. They also showed that there
s no weight loss for the membranes though the LC material
hen physically absorbed on CN membranes.

.3. Temperature sensitivity of the monolayer LC embedded
ellulose membranes with thermal cycling

Figs. 13 and 14 show the permeation profile of methimazole
nd paracetamol through K21 entrapped CA and CN mem-
ranes, respectively, with thermal cycling between 30 ◦C (below
he Tn–i of K21) and 46 ◦C (above the Tn–i of K21).

These permeation profiles clearly indicate that the permeation
f methimazole and paracetamol is much faster at 46 ◦C (above
he Tn–i of K2) compared to that at 30 ◦C (below the Tn–i of K21)
nd this near on–off drug permeation is repeatable.

These figures indicate not only the temperature responsive
ermeation of methimazole and paracetamol through LC embed-
ed membranes, but also reversibility and reproducibility of
emperature response for both drugs through both LC embed-
ed CA and CN membranes. This confirms that changing the
rientation of LC molecules in response to temperature changes
s fairly quickly reversible. The reproducibility of the perme-
tion experiments carried out with thermal cycling is not as high
s the permeation experiments carried out at constant tempera-
ures. This may be due to the slight differences in the heating and
ooling of the membranes between each individual permeation
xperiment carried out with thermal cycling.
As the permeation of methimazole and paracetamol through
C embedded membranes does not stop at temperature below

he phase transition of the liquid crystal, thus complete on–off
ontrol of drug permeation is not achieved. Drug permeation

M

N

harmaceutics 339 (2007) 213–221

t 30 ◦C, may be the result of drug diffusion mechanism when
he liquid crystals are at nematic phase which allows for the

ovement of the LC molecules at one direction.

. Conclusion

New composite membranes capable of positive tempera-
ure sensitive for the modulation of drug transport through
he membrane were developed. The approach adopted was to
evelop the liquid crystal entrapped membranes using two com-
ercially available membranes namely cellulose nitrate and

ellulose acetates with good mechanical strength that would
ct as an adsorbent media for the thermotropic liquid crystal
olecules. The permeability of composite membranes to drug
odels increased by several orders of magnitude when the tem-

erature of the systems was increased above the Tn–i of the liquid
rystal. Temperature sensitive permeation of both drug models
hrough both membranes was reversible, reproducible and fol-
owed zero order kinetics. Methimazole permeation through LC
ntrapped CA membranes showed a higher temperature modu-
ation.
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