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Abstract

Oral clonidine, used as an antihypertensive, can result in some side effects such as dry mouth, drowsiness, dizziness and
sedation; thus, clonidine transdermal drug delivery (TDD) was considered. Use of the controlled release membrane was
one of the methods in TDD systems to regulate the permeation properties. A new type of copolymer membrane that con-
trolled clonidine linear release in TDD system was synthesized by UV radiation. This membrane consisted of three mono-
mers: 2-hydroxy-3-phenoxypropylacrylate, 4-hydroxybutyl acrylate and diethyl maleate. The membrane had both fine
permeation properties and perfect physical properties when three monomers were in the weight ratio of 4:4:2; this type
of membrane was chosen as an optimized membrane. It was found that the membrane controlled clonidine zero-order
release, the permeation rates decreased with the thicknesses of membranes increasing, and the permeation rates were lin-
early dependent on the square root of the concentration of clonidine. Furthermore, the optimized membranes were char-
acterized by FTIR, DSC and SEM.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Oral administration of clonidine, used as an anti-
hypertensive, might result in some adverse effects,
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including dry mouth, drowsiness, dizziness, consti-
pation and sedation etc. Clonidine is a relatively
small molecule with high potency, and a short
half-life; thus, a clonidine transdermal drug delivery
(TDD) system was considered [1–4].

In conventional medications, such as oral deliv-
ery and injection, only the total mass of drug deliv-
ered to a patient is controlled. In controlled drug
delivery, both the mass and the rate at which the
drug is delivered can be controlled. TDD used as
.
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Table 1
Effects of the ratios of monomers on the permeation rates

Monomers
ratios A:B:C

Permeation rate J

(lg/cm2 per h)b
Correlation
coefficient (r2)b

5:5:0 14.701 (0.3418) 0.9922 (0.00168)
4.5:4.5:1 15.897 (0.0699) 0.9662 (0.01646)
4:4:2 62.430 (0.1636) 0.9984 (9.291 * 10�4)
3.5:3.5:3 39.886 (0.5680) 0.9963 (0.00278)
3:3:4 34.961 (0.2780) 0.9921 (0.00227)
2.5:2.5:5 31.047 (0.5326) 0.9962 (0.00343)
2:2:6a ND ND
1:1:8a ND ND

a The membrane formed was too fragile to perform permeation
experiments. ‘‘ND’’ stands for ‘‘not determined’’.

b The values are presented as Mean (SD) (n = 3).
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one of controlled drug delivery systems has many
advantages over traditional drug delivery adminis-
trations, such as improved systemic bioavailability
of the pharmaceutical active ingredients, reduced
dose frequency, longer duration of therapeutic
action, reduced side effects and the controlled, con-
stant drug delivery profiles [5–7].

In controlled drug delivery systems a membrane
is used to moderate the rate of delivery of drug to
the body. Generally, there were two types of devices
in TDD, matrix and reservoir [8–14]. In the reser-
voir device the membrane controls permeation of
the drug from a reservoir to achieve the drug deliv-
ery rate required. In the matrix device the drug is
impregnated into the membrane material, and then
the drug crosses a membrane by the osmotic
pressure produced by the diffusion of water. The
membrane in a controlled drug deliver system is
called a controlled release membrane. This present
study was concerned the controlled release mem-
brane. The microporous membranes reported in
the literature [15,16] were used as controlled release
membranes, such as polypropylene, polytetrafluoro-
ethylene, polycarbonates, polyvinylchloride, cellu-
lose acetate, cellulose nitrate and polyacrylonitrile.
These microporous membranes had similar proper-
ties, including porosities from about 0.1 to 0.85,
tortuosities from 1 to 10, and thicknesses from
10�3 to 10�2 cm. The ethylene-vinyl acetate (EVA)
membrane was another type of controlled release
membranes in controlled drug delivery systems,
where an increased content of vinyl acetate comono-
mers in EVA membrane increased the drug release
rate [17–20].

Although various types of controlled release
membranes exist, the properties of these membranes
were limited and the applications in the transdermal
delivery system were also limited. Here we will
report a new type of polyacrylates membrane syn-
thesized by UV curing method in our laboratory.
Three monomers, 2-hydroxy-3-phenoxypropylacry-
late, 4-hydroxybutyl acrylate and diethyl maleate,
mixed with photo initiator, benzoyl peroxide, were
treated under strong power UV radiation to synthe-
size the copolymer membrane. The effects of mono-
mers’ ratios, membranes’ thicknesses and drug
concentration on the permeation properties were
investigated. Furthermore the membranes were
characterized by FTIR, DSC and SEM. The results
showed that this new type of membrane could con-
trol clonidine zero-order release in the transdermal
drug delivery system.
2. Materials and methods

2.1. Materials

2-Hydroxy-3-phenoxypropylacrylate, 4-hydroxy-
butyl acrylate and diethyl maleate were purchased
from Aldrich (USA). Benzoyl peroxide and cloni-
dine hydrochloride were purchased from National
Medicine Corporation (CHN). Acetonitrile and
methanol were of HPLC grade. All other chemicals
were of reagent grade and used as received.
2.2. Synthesis of copolymer membrane

Three monomers: 2-hydroxy-3-phenoxypropyl-
acrylate (A), 4-hydroxybutyl acrylate (B) and
diethyl maleate (C), were mixed in the ratios of
which listed in Table 1. Photo initiator, benzoyl per-
oxide (5% w/w) was added to the mixture and stir-
red to dissolve completely. In this process, no
other solvents were added to dissolve monomers
and initiator because liquid monomers could dis-
solve solid initiator completely.

The mixture was poured onto a stainless steel flat
plate and treated under UV radiation for 4.5 min
(UV spectrum: 200–400 nm, Power: 3 kW). The dis-
tance from the plate to UV lamp was 12 cm. The
membranes formed were carefully removed from
the plate with scalpel. The membranes were washed
with distilled water repeatedly for the purpose of
elimination of unused monomers and initiator,
and then stored in distilled water. The thicknesses
of the membranes were measured at several points
by digital micrometer, and the mean values were
calculated.
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2.3. Study of clonidine permeation through the

copolymer membrane

The permeation properties of clonidine hydro-
chloride aqueous solution releasing through the
copolymer membrane were studied using modified
Franz diffusion cell. The copolymer membranes
were clamped between donor cell and receptor cell.
The cell provided effective area of 0.785 cm2. Phos-
phate buffer (pH 7.4) was used as receptor solution.
Receptor cell was maintained at 37 �C and stirred
constantly at 200 rpm. At predetermined time inter-
vals, 200 ll solution was taken from receptor cell
and replaced with equal volume of fresh phosphate
buffer. The cumulative amount of clonidine releas-
ing through the copolymer membrane was analyzed
by HPLC.
2.4. HPLC analysis of clonidine

The HPLC system (Waters, USA) consisted of a
1525 binary HPLC pump, a 717 plus autosampler
and a 2487 dual wavelength UV absorbance detec-
tor. Data acquisition and processing was dealt with
Waters Empower profession software. Mobile phase
was a mixture of buffer solution (1.16 g of D-10-
camphorsulfonic acid dissolved in 1000 ml of
0.1 M sodium acetate), acetonitrile and methanol
in the volume ratio of 6:1:1, and was adjusted to
pH 3.0 with phosphate acid. The liquid chromato-
graph was equipped with a 5 lm, 4.6 · 150 mm C8
column (Agilent XDB) with flow rate at 1 ml/min.
Samples injection volume was 20 ll. The wavelength
of UV detector was set at 220 nm.
2.5. Data analysis

The cumulative amount (Qt, lg/cm2) of clonidine
releasing through the copolymer membranes was
plotted versus time (T, h). The slope of the linear
portion of the plot was presented as the permeation
rate (J, lg/cm2 per h). The intercept on the X-axis
was taken as the lag time (TL, h). All the permeation
H2C CH

COOCH2CHOHCH2OC6H5
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COO(CH2)4OH
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C2H5
experiments were repeated three times and mean
values of the permeation rates with standard devia-
tion were calculated. The data of permeation rates
were subjected to one-way analysis of variance
(ANOVA) followed by Tukey’s post-test to deter-
mine the level of significance among various groups.
The data were considered to be significant differ-
ences at p < 0.05.

2.6. FTIR analysis of the copolymer membrane

The FTIR spectrum of the copolymer membrane
were recorded with an Equnox 55 Fourier-trans-
form infrared spectrometer (Bruker, Germany) by
a direct transmission method scanning from 4000
to 400 cm�1 at a resolution of 2 cm�1. The mem-
brane was dried in vacuum before analysis.

2.7. Differential scanning calorimeter (DSC)

analysis of the copolymer membrane

The glass transition temperature (Tg) of the
copolymer membrane was measured on the Pyris 1
differential scanning calorimeter (Perkin–Elmer,
USA) at a heating rate of 10.0 �C/min from �60.0
to 120.0 �C under nitrogen environment. The mem-
brane must be dried in vacuum before analysis.

2.8. Scanning electron microscopy (SEM) analysis

of copolymer membrane

The external morphology of the copolymer
membrane was analyzed before and after drug per-
meation using Sirion 200 scanning electron micros-
copy (Philips, Netherlands). For SEM analysis, the
surface of the copolymer membrane was sputtered
with gold in vacuum before viewing under the
microscope. The membrane after permeation exper-
iment was washed several times with distilled water
for the purpose of elimination of the drug sticking
on the surface of the membrane.
3. Results and discussion
C C

H

COOC2H5

C

OOC
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Table 2
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3.1. Effects of monomers’ ratios on the permeation

Effects of the thickness of the optimized membrane on the
permeation rates

Membrane
thickness (lm)

Permeation rate J

(lg/cm2 per h)a
Correlation
coefficient (r2)a

14 62.430 (0.1636) 0.9984 (9.291 * 10�4)
20 28.326 (0.9536) 0.9958 (0.00278)
36 9.203 (0.2871) 0.9745 (0.00307)

a The values are presented as Mean (SD) (n = 3).
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Fig. 1. Variation of 1/J with thickness (L) of the optimized
membrane (r2 = 0.9953).
rates

Membranes made of monomers in the ratios
listed in Table 1 were synthesized by UV radiation.
The thickness of the membrane formed was 14 lm.
The concentration of clonidine was 3.0 mg/ml in the
donor cell. Table 1 shows that the permeation rates
increased with the increase in the content of mono-
mer C for up to 20%. However, the permeation rates
decreased with further increases in the content of
monomer C over 20%.

The reason why the permeation rates increased
initially was that the monomer C was fed into the
mixture. Monomers A and B had hydroxyl groups
and long linear chains. The compact meshes in
the polymer membranes were formed when mono-
mers A and B were fed into the polymerized reac-
tion. Monomer C had short branched chains that
were helpful in increasing the size of the mesh and
resulted in the permeation rate increasing at the
beginning.

As we know hydroxyl groups contribute to plas-
ticity of membrane and plasticity has some advanta-
ges for the controlled release membrane, including
reducing the brittleness, improving flow, imparting
flexibility, increasing toughness and strength, resist-
ing tearing and impacting. In a word, plasticity is of
benefit drug permeation. Monomer C lacks hydroxyl
groups and has a cis-structure. Its cis-structure made
the membrane rigid when the content of monomer C
was over 20%, which would decrease the plasticity
and result in the permeation rates decreasing.

For above-mentioned reasons, the membrane
made of monomers in the ratio of A:B:C = 4:4:2
had both fine permeation properties and perfect
plasticity, this type of membrane was chosen as an
optimized membrane for further characterization.

Moreover, permeation properties were studied
for one day and extended to one week, HPLC anal-
ysis discovered that no monomers’ peaks were
detected. It showed that there were no residual
monomers in the copolymer membrane.

3.2. Effects of the optimized copolymer membrane’s

thickness on the permeation rates

The optimized copolymer membranes (A:B:C =
4:4:2) with different thickness (14,20 and 36 lm)
were synthesized. The concentration of clonidine
was 3.0 mg/ml in the donor cell. Table 2 showed
that the permeation rates decreased with the
increase in the thicknesses of the optimized mem-
branes, as expected from Fick’s law

J ¼ 1

A
dMt
dt
¼ P

DC
L
; ð1Þ

where J is the permeation rate, dMt/dt is the
amount of solute that permeates through the mem-
brane in unit time, A is the permeation area, DC is
the concentration difference between donor and
receptor sides, P is the permeability coefficient,
and L is the membrane’s thickness.

Because the drug releasing through the mem-
brane in vitro in the transdermal drug delivery sys-
tem was controlled by diffusion, the permeation rate
varied with both membrane’s thickness and mem-
brane’s inner property. The effect of thickness of
the membrane on the permeation rate was studied.
As the inner property of the membrane was different
from the properties of drug and receptor layers, a
boundary layer developed on either side of the
membrane in the TDD system when the membrane
was contacted with drug and receptor layers and
held tightly. Eq. (1) can be modified to Eq. (2), as
follows:

1

J
¼ 1

PDC
ðLþ PRbÞ ð2Þ

where Rb is taken as the boundary layer resistance.
As reflected from Fig. 1, 1/J was linearly depen-

dent on L, the intercept on the X-axis was taken as
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PRb, and the value of PRb was 10.86. This value
meant that the desired effect of boundary layer,
i.e. the boundary layer of drug-membrane and
the boundary layer of membrane-receptor, had
occurred.
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3.3. Effects of drug concentration on the permeation

rates

The concentration of clonidine in the donor cell
was 0.5, 1.0, 3.0, 5.0 and 7.0 mg/ml, respectively.
The optimized copolymer membranes (A:B:C =
4:4:2) with the same thickness (14 lm) were synthe-
sized. Table 3 depicted that the permeation rates
increased with the increase in the concentration of
clonidine, and there was almost no occurrence of
time lag and burst effect. This might be attributed
to the use of swollen membrane that contained rich
hydroxyl groups and had been stored in distilled
water until use. The equilibrium seemed to be
instantaneously established.

The data of permeation rates and clonidine con-
centration were analyzed, it was found that the per-
meation rates were proportional to the square root
of the drug concentration, and the line passed
through the point of origin (Fig. 2). This relationship
Table 3
Effects of the concentration of clonidine on the permeation rates

Concentration
(mg/ml)

Permeation rate J

(lg/cm2 per h)a
Correlation
coefficient (r2)a

0.5 16.693 (0.2425) 0.9915 (0.0031)
1.0 38.157 (0.4614) 0.9985 (0.00165)
3.0 62.430 (0.1636) 0.9984 (9.291 * 10�4)
5.0 90.164 (0.4991) 0.9969 (9.609 * 10�4)
7.0 103.623 (0.8032) 0.9963 (9.073 * 10�4)

a The values are presented as Mean (SD) (n = 3).
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Fig. 2. Variation of J with the square root of the concentration
(r2 = 0.9711).
between permeation rates and clonidine concentra-
tion was similar to Higuchi’s model which assumed
the permeation rates decreased in proportion to the
square root of time. We assumed that partial
amount of the drug with 7.0 mg/ml in the donor cell
impregnated into the membrane and diffused from
the membrane at first, the drug in the donor cell
became exhausted and the concentration of drug
reduced to 5.0 mg/ml. Then the drug with 5.0 mg/ml
impregnated into the membrane and diffused from
the membrane too, further resulted in the concentra-
tion of drug in the donor cell lowered to 3.0 mg/ml.
Drug with other concentration, including 1.0 and
0.5 mg/ml, diffusion from the membrane repeated
the above process. Thus, although the permeation
rates of drug with different concentrations were by
no means constant, the permeation rates could be
easily varied by incorporating more or less drug.
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Fig. 3. FTIR of the optimized copolymer membrane.
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Fig. 4. DSC characterization of the optimized copolymer
membrane.



Fig. 5. Left: SEM photograph of the optimized copolymer membrane before drug permeation (original magnification 10000·). Right:
SEM photograph of the optimized copolymer membrane after drug permeation (original magnification 10000·).

X. Zhan et al. / European Polymer Journal 43 (2007) 1588–1594 1593
3.4. Characterization of the optimized copolymer

membrane

In the FTIR spectrum, peaks at the 3600–
3100 cm�1 region were due to the OH stretching,
2952 cm�1 was due to the CH stretching, and the
peaks at 1595, 1494, 1454, 758 and 692 cm�1 were
originated from the aromatic ring. The very strong
peak at 1735 cm�1 was due to the C@O stretching
in acrylate, the less intense peaks at 1170 and
1244 cm�1 were designated to the C–O–C stretching
in acrylate, 1047 cm�1 was due to the C–O(H)
stretching (Fig. 3).

In the DSC thermogram, the glass transition
temperature (Tg) was 8.8 �C, this low value indi-
cated that the membrane had strong effect of plastic-
ity, and in accordance with soft appearance of the
membrane (Fig. 4).

The SEM photograph of the membrane before
drug permeation showed that the surface of the
membrane was homogeneously dense and had no
visual pores. The SEM photograph of the mem-
brane after drug permeation showed a sponge-like,
cellular surface (Fig. 5). This result indicated
that the drug penetrated through the membrane
indeed.
4. Conclusions

A new type of membrane controlling clonidine
zero-order release was synthesized by UV curing.
This membrane was made of three monomers:
2-hydroxy-3-phenoxypropylacrylate, 4-hydroxybutyl
acrylate and diethyl maleate. All of the membranes
made of monomers in the different ratios could con-
trol clonidine zero-order release. When the above-
mentioned monomers were in the ratio of 4:4:2,
the membrane had both fine permeation property
and perfect plasticity; thus, this type of copolymer
membrane was chosen as an optimized membrane.
The permeation rates were proportional to the
square root of concentration of clonidine when an
optimized membrane was used. The permeation
rates decreased with the increase in the thicknesses
of membranes. SEM analysis showed that the sur-
face of the membrane had been changed because
of clonidine permeation. DSC analysis reflected that
the membrane had fine plasticity and might become
a candidate as controlled release membrane because
of its soft appearance. More copolymer membranes
are under investigation in our laboratory. It is pos-
sible that this new type of membranes could be
employed as controlled release membranes in trans-
dermal drug delivery systems.
Acknowledgment

The authors are highly thankful for the financial
support of School of Pharmacy, Analysis and Test-
ing Centre at Shanghai Jiaotong University.

References

[1] Schenk D, Fischer W. Transdermal systems for the release of
clonidine. US patent 2004208917; 2004.

[2] Huber P, Fischer W. Transdermal systems for the delivery of
clonidine. US patent 2004028726; 2004.

[3] Huber P, Bostedt KT. Transdermal system for the admin-
istration of clonidine. EP patent 1103260; 2001.

[4] Gong XL, Lei XH. Compound transdermal nicotine–cloni-
dine paster for giving up smoking. CN patent 1239656; 1999.

[5] Langer R. Transdermal drug delivery: past progress, current
status, and future prospects. Adv Drug Delivery Rev 2004;
56(5):557–8.

[6] Thomas BJ, Finnin BC. The transdermal revolution. Drug
Discovery Today 2004;9(16):697–703.



1594 X. Zhan et al. / European Polymer Journal 43 (2007) 1588–1594
[7] Naik A, Kalia YN, Guy RH. Transdermal drug delivery:
overcoming the skin’s barrier function. Pharm Sci Technol
Today 2000;3(9):318–26.

[8] Baker RW. Membrane technology and applications. 2nd
ed. John Wiley & Sons, Ltd; 2004. p. 472–89.

[9] Krishnaiah YSR, Satyanarayana V, Bhaskar P. Influence of
limonene on the bioavailability of nicardipine hydrochloride
from membrane-moderated transdermal therapeutic systems
in human volunteers. Int J Pharm 2002;247(1–2):91–102.

[10] Mare VS, Bharti PV, Vavia PR. Acrylate terpolymer in
fabrication of medicated skin patches. Polym Adv Tech
2003;14(8):466–74.

[11] Valenta C, Auner BG. The use of polymers for dermal and
transdermal delivery. Eur J Pharm Biopharm 2004;58:
279–89.

[12] Sanli O, Asman G. Release of diclofenac through gluteral-
dehyde crosslinked poly(vinyl alcohol)/poly(acrylic acid)
alloy membrane. J Appl Polym Sci 2004;91:72–7.

[13] Shin SC, Kim J, Yoon MK, Oh IJ, Choi JS. Transdermal
delivery of triprolidine using TPX polymer membrane. Int J
Pharm 2002;235(1–2):141–7.
[14] Tipre DN, Vavia PR. Acrylate-based pressure sensitive
adhesive in fabrication of transdermal therapeutic system.
Polym Adv Technol 2003;14:502–7.

[15] Chandrasekaran SK, Darda S, Michaels AS, Cleary GW.
Therapeutic system for administering clonidine transder-
mally. US Patent 4,201,211; 1980.

[16] Urquhart J, Chandrasekaran SK, Shaw JE. Bandage for
transdermally administering scopolamine to prevent nausea.
US Patent 4,031,894; 1977.

[17] Shin SC, Lee HJ. Controlled release of triprolidine using
ethylene-vinyl acetate membrane and matrix system. Eur J
Pharm Biopharm 2002;54:201–6.

[18] Shin SC, Byun SY. Controlled release of ethinylestradiol
from ethylene-vinyl acetate membrane. Int J Pharm
1996;137:95–102.

[19] Shin SC, Lee HJ. Enhanced transdermal delivery of triprol-
idine from the ethylene-vinyl acetate matrix. Eur J Pharm
Biopharm 2002;54:325–8.

[20] Kim J, Shin SC. Controlled release of atenolol from
the ethylene-vinyl acetate matrix. Int J Pharm 2004;273:
23–7.


	A new poly(2-hydroxy-3-phenoxypropylacrylate, 4-hydroxybutyl acrylate, diethyl maleate) membrane controlled clonidine linear release in the transdermal drug delivery system
	Introduction
	Materials and methods
	Materials
	Synthesis of copolymer membrane
	Study of clonidine permeation through the copolymer membrane
	HPLC analysis of clonidine
	Data analysis
	FTIR analysis of the copolymer membrane
	Differential scanning calorimeter (DSC) analysis of the copolymer membrane
	Scanning electron microscopy (SEM) analysisof copolymer membrane

	Results and discussion
	Effects of monomers '  ratios on the permeation rates
	Effects of the optimized copolymer membrane ' s thickness on the permeation rates
	Effects of drug concentration on the permeation rates
	Characterization of the optimized copolymer membrane

	Conclusions
	Acknowledgment
	References


