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Abstract

Poly(2-hydroxy-3-phenoxypropylacrylate, 4-hydroxybutyl acrylate, dibutyl maleate) membrane was synthesized by UV curing
method in our laboratory for the first time. When above-mentioned monomers were in the weight ratio of 4:4:2, the membrane not only
had perfect permeation property but also had excellent plasticity, so the membrane made from monomers in the ratio of 4:4:2 was chosen
as an optimized membrane. The optimized membrane provided perfect linear permeation properties in clonidine transdermal drug deliv-
ery system. The permeation rate decreased in proportion to the thickness of membrane. When the concentrations of clonidine were in the
range of 0.5–7.0 mg/ml, the permeation rate was proportional to the square root of clonidine concentrations. The optimized membrane
was characterized by FTIR, DSC and SEM.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Clonidine is a widely used antihypertensive drug.
Oral administration of clonidine may cause many
adverse effects, such as dry mouth, drowsiness, dizziness,
constipation and sedation. Clonidine has small molecu-
lar structure, low blood drug level and high potency,
so clonidine administered transdermally was considered
[1–4].

The advantages of transdermal drug delivery include
avoidance of first-pass gastrointestinal and hepatic metab-
olism, the potential for enhanced efficacy and/or decreased
side effects resulting from improved delivery kinetics of
lower total doses, and superior patient compliance because
of decreased dosing frequency. Therefore there has been an
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increased interest in the transdermal drug delivery system
in recent years, which is an efficient and profitable drug
administration [5–7].

Generally speaking, there are several types of technical
systems which have been successfully developed in trans-
dermal drug delivery, such as matrix and reservoir sys-
tems [8–17]. In reservoir system, an inert membrane
encloses the drug to be released; the drug diffuses
through the membrane at a finite, controlled rate. The
membrane is so-called controlled release membrane.
The present study concerns the controlled release mem-
brane. As reported in patents and the famous clonidine
patch named Catapres-TTS [18,19], there were micropo-
rous membranes that controlled the constant dosage rate
in the system. These microporous membranes might be
formed from polymers such as polypropylene, polytetra-
fluoroethylene, polycarbonates, polyvinylchloride, cellu-
lose acetate, cellulose nitrate and polyacrylonitrile.
These microporous membranes had porosities from
about 0.1 to 0.85, tortuosities from 1 to 10 and thick-
nesses from 10�3 to 10�2 cm.
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The types of microporous membranes were various, but
the properties of membranes were limited and the applica-
tions in the transdermal delivery system were limited. Our
laboratory hoped other types of membranes were synthe-
sized to enrich the membrane controlled system. A new
type of polyacrylate membrane was synthesized by UV
curing method in our laboratory. Three monomers’ mix-
ture, 2-hydroxy-3-phenoxypropylacrylate, 4-hydroxybutyl
acrylate and dibutyl maleate mixed with initiator benzoyl
peroxide, was cured by strong power UV ray to synthesize
the copolymer membrane. The effects of monomers’ ratios,
membrane thicknesses and drug concentrations on the per-
meation properties were investigated. Furthermore, the
membrane was characterized by FTIR, DSC and SEM. It
was found that this new type of membrane could control
clonidine zero-order release in the transdermal drug deliv-
ery system.
2. Materials and methods

2.1. Materials

2-hydroxy-3-phenoxypropylacrylate, 4-hydroxybutyl
acrylate and dibutyl maleate were purchased from Aldrich
(USA). Three monomers must be purified by vacuum dis-
tillation before UV curing in order to eliminate the effect
of inhibitors on photosynthesis. Benzoyl peroxide and
clonidine 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 the copolymer membrane

Three monomers: 2-hydroxy-3-phenoxypropylacry-
late(A), 4-hydroxybutyl acrylate(B) and dibutyl male-
ate(C), were mixed in different ratios as listed in Table 1.
Photo-initiator, benzoyl peroxide (5%w/w), was added to
the mixture and stirred to dissolve completely. In this pro-
cess, no other solvents were added to dissolve monomers
and initiator since liquid monomers could dissolve solid
initiator completely.
Table 1
Effects of the ratios of monomers on the permeation rates

Monomers ratios A:B:C Permeation rate (J, lg/cm2/h)b

5:5:0 14.701 (0.3418)
4.5:4.5:1 33.636 (0.5400)
4:4:2 56.825 (0.6909)
3.5:3.5:3 35.104 (0.7178)
3:3:4 34.804 (0.7798)
2.5:2.5:5 26.382 (0.5882)
2:2:6a ND
1:1:8a ND

ND stands for ‘‘not determined’’.
a The membrane formed was too fragile to perform permeation experiments
b The values are presented as means (SD) (n = 3).
The mixed solution in different monomers’ ratios was
poured onto a stainless steel flat plate and treated under
UV ray for 4.5 min (UV spectrum: 200–400 nm, 3000 W).
The distance from plate to UV lamps was 12 cm. The mem-
branes formed were carefully removed from the plate with
scalpel. The membranes were washed with distilled water
repeatedly for the purpose of elimination of unused mono-
mers and initiator, then stored in distilled water. The thick-
nesses of the membranes were measured at several points
by digital micrometer, and the mean values and standard
deviation were calculated.
2.3. Study of clonidine release through copolymer membrane

The permeation properties of clonidine hydrochloride
aqueous solution through copolymer membrane were stud-
ied using vertical glass diffusion cells (modified Franz cell).
The copolymer membranes were clamped between donor
cell and receptor cell. The cell provided effective area of
0.785 cm2. Phosphate 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 intervals,
200 ll solution was taken from the receptor cell and
replaced with equal volume of fresh phosphate buffer at
37 �C. The cumulative amount of clonidine
released through the copolymer membrane was analyzed
by HPLC.
2.4. Study of sorption water experiments of copolymer

membranes

The copolymer membranes were stored in distilled water
for one week. The weight of the membrane absorbing water
completely was measured after water covering on the sur-
face of the membrane was absorbed gently by filter paper.
Then the membrane was dried in vacuum oven for 72 h at
80 �C. The weight of the dried membrane was measured.
The value of the sorption water rate was calculated as
per the following equation

R ¼ W s � W d

W d

� 100
Correlation coefficient (r2)b Sorption water rates (%)b

0.9922 (0.0016) 3.044 (0.076)
0.9984 (5.13 · 10�4) 2.182 (0.061)
0.9961 (0.0033) 2.034 (0.071)
0.9995 (2.08 · 10�4) 1.825 (0.063)
0.9956 (0.0055) 1.124 (0.043)
0.9916 (0.0053) 0.467 (0.020)
ND ND
ND ND

.
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where R is the sorption water rate, Ws is the weight of the
membrane absorbing water and Wd is the weight of dried
membrane.

2.5. 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 detector. Data acquisition and
processing was dealt with Waters Empower profession soft-
ware. 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 chromatograph was equipped with a 5 lm,
4.6 · 150 mm C8 column (Agilent XDB) with flow rate at
1 ml/min. Sample injection volume was 20 ll. The wave-
length of UV detector was set at 220 nm.

2.6. Data analysis

The cumulative amount (Qt, lg/cm2) of clonidine released
through the copolymer membrane was plotted versus time
(T, h). The slope of the linear portion of the plot was present-
ed as the permeation rate (J, lg/cm2/h). The intercept on the
X-axis was taken as the lag time (TL, h). All the permeation
experiments were repeated three times and their mean value
with standard deviation was calculated. The data of perme-
ation rate were subjected to one-way analysis of variance
(ANOVA) followed by Tukey’s post-test to determine the
level of significance among various groups. The data were
considered to be significant differences at p < 0.05.

2.7. FTIR analysis of copolymer membrane

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

2.8. Differential scanning calorimetric (DSC) analysis of

copolymer membrane

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

2.9. Scanning electron microscopy (SEM) analysis of

copolymer membrane

The external morphology of the copolymer membrane
was analyzed before and after permeation experiment using
Sirion 200 scanning electron microscope (Philips, Nether-
lands). For SEM analysis, the surfaces of corresponding
membrane were sputtered with gold in vacuum before
viewing under the microscope. The membranes after per-
meation experiment were washed several times by distilled
water.

3. Results and discussion

3.1. Effects of monomers’ ratios on the permeation rates

Membranes made from monomers in different ratios
were synthesized by UV radiation. All of the mem-
branes’ thicknesses were 14 lm. The concentration of
clonidine was 3.0 mg/ml in donor cell. The permeation
rates of membranes with different composition are sum-
marized in Table 1. The results showed that the perme-
ation rates increased with the increase in the content of
monomer C up to 20%. When the content of monomer
C was over 20%, the permeation rates decreased with
the increase in the content of monomer C. Moreover,
there were no significant differences when the ratios of
monomers A, B and C were 4.5:4.5:1, 3.5:3.5:3 and
3:3:4.

The reason why the permeation rates increased at the
beginning was that the monomer C was fed in the mix-
ture. Monomers A and B had hydroxyl groups and long
linear chains. The compact meshes in polymer membranes
were formed when monomers A and B were treated in
polymerized reaction. Monomer C had short branched
chain that was of benefit to the increase in the size of
the mesh and resulted in the permeation rate increasing
at first.

It was known that hydroxyl groups contributed to plas-
ticity of membrane and plasticity contributed to drug per-
meation. Monomer C was lacking a hydroxyl group and
was of cis-structure. When the content of monomer C
was over 20%, its cis-structure made the membrane rigid
which would decrease the plasticity and result in the perme-
ation rates decreasing. Table 1 shows that the sorption
water rates of the copolymer membranes decreased with
the monomer C content increasing.

For above reasons, the membrane with the ratio of
A:B:C = 4:4:2 not only had fine permeation properties
but also had excellent plasticity, and was chosen as opti-
mized membrane for further experiments.

Permeation properties were studied during one day and
extended to one week, HPLC analysis results discovered
that no monomers’ peaks were detected. It showed that
there were no residual monomers in the copolymer mem-
brane. So the copolymer membrane was safe to skin with-
out monomers’ toxicity and irritant.
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3.2. Effects of the optimized copolymer membrane thickness

on the permeation rates
The optimized copolymer membranes (A:B:C = 4:4:2)
with different thicknesses (14, 20 and 26 lm) were synthe-
sized. The concentration of clonidine was 3.0 mg/ml in
the donor cell. The effects of the thickness of the optimized
membranes on the permeation rates were studied. Table 2
shows that the permeation rates decreased with the increase
in the thickness, 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 membrane in unit time,
A is the permeation area, and DC is the concentration dif-
ference between donor and receptor sides, P is the perme-
ability coefficient and L is the membrane thickness.

Because the drug releasing through the membrane
in vitro in the transdermal drug delivery system was con-
trolled by diffusion, the permeation rate varied with both
membrane thickness and membrane inner property. As
the membrane inner property was different from the prop-
erties of drug and receptor layers, a boundary layer devel-
oped on either side of the membrane in the system when the
membrane was contacted tightly with drug and receptor
layers. Eq. (1) can be modified to Eq. (2), as follows:

1

J
¼ 1

PDC
� ðLþ PRbÞ ð2Þ

where Rb is described as the boundary layer resistance.
As reflected from Fig. 1, 1/J was linearly dependent on

L, the intercept on the X-axis was taken as PRb, and the
value of PRb was 10.02. This value meant that the effect
Table 2
Effects of the thickness of the optimized membrane on the permeation
rates

Membrane thickness (lm)a Permeation rate
(J, lg/cm2/h)a

Correlation coefficient
(r2)a

14 (0.2241) 56.825 (0.6909) 0.9961 (0.0033)
20 (0.2832) 24.612 (0.5287) 0.9919 (0.0110)
26 (0.1634) 14.681 (0.1850) 0.9835 (0.0085)

a The values are presented as means (SD) (n = 3).
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Fig. 1. Variation of 1/J with thickness of the optimized membrane
(r2 = 0.9974).
of boundary layer, i.e., the boundary layer of drug-mem-
brane and the boundary layer of membrane receptor, was
observed.

3.3. Effects of drug concentration on the permeation rates

The concentration of clonidine in donor cell was 0.5, 1.0,
3.0, 5.0 and 7.0 mg/ml, respectively. The optimized copoly-
mer membranes (A:B:C = 4:4:2) with the same thickness
(14 lm) were synthesized. Table 3 depicts that the perme-
ation 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 because the membrane containing many
hydroxyl groups was stored in distilled water until use, and
the equilibrium seemed to be instantaneously established.

The reason why 0.5 mg/ml clonidine was chosen as the
lowest tested concentration was that the concentration of
clonidine in the blood varied between 0.1 and 15 ng/ml, usu-
ally between 0.2 and 3 ng/ml, depending upon the person
being treated [18]. In order to maintain the concentration
of clonidine in the blood at a therapeutic level, substantially
constant rates varied between 0.1 and 100 lg/h, usually
between 0.2 and 70 lg/h. When the concentration of cloni-
dine was 0.5 mg/ml in the present study, the permeation rate
was 21.874 lg/cm2 h. The value of the effective permeation
area was 0.785 cm2, so the constant rate was 17.17 lg/h just
locating in the range of 0.2–70 lg/h. Taking into consider-
ation the difference between drug solution and drug reser-
voir, the permeation rates in the drug reservoir were slower
than the permeation rates in the drug solution. Higher con-
centrations of the drug in the solution, i.e., in the range of
1.0–7.0 mg/ml, were studied.

The data of permeation rates and clonidine concentra-
tions were analyzed. It was found out that the permeation
rates were proportional to the square root of the drug con-
centration, and the line passed through the point of origin
(Fig. 2). This relationship between permeation rates and
clonidine concentrations was alike Higuchi’s model which
assumed the permeation rates decreased in proportion to
the square root of time; thus, we assumed that the drug
with high concentration, such as 7.0 mg/ml, dissolved in
the polymer and diffused from the polymer. When the con-
centration of 7.0 mg/ml became exhausted, the concentra-
tion became low, such as 5.0 mg/ml, and the drug with
low concentration began to be depleted. Other lower
Table 3
Effects of the concentration of clonidine on the permeation rates

Concentration (mg/ml) Permeation rate
(J, lg/cm2/h)a

Correlation coefficient
(r2)a

0.5 21.874 (0.3000) 0.9917 (0.0012)
1.0 33.992 (0.2040) 0.9927 (0.0056)
3.0 56.825 (0.6909) 0.9961 (0.0033)
5.0 65.388 (0.4195) 0.9974 (0.0023)
7.0 90.339 (0.8854) 0.9951 (0.0034)

a The values are presented as means (SD) (n = 3).
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Fig. 4. DSC characterization on the optimized copolymer membrane.
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concentrations of drug in the range of 3.0–0.5 mg/ml varied
as the above process. Thus, although the permeation rates
with different concentrations of drug were by no means
constant, the permeation rates could be easily varied by
incorporating more or less drug.
3.4. Characterization of optimized copolymer membrane

In FTIR spectrum, peaks at the 3600–3100 cm�1 region
were due to the OH stretching, 2952 cm�1 region were due
Fig. 5. Left: SEM photograph of the optimized membrane before drug release
the optimized membrane after drug release experiment (original magnification
to the CH stretching, and the peaks at 1595, 1494, 1454,
758 and 692 cm�1 originated from the aromatic ring. The
very strong peak at 1735 cm�1 was due to the C@O stretch-
ing in acrylate, and the less intense peaks at 1170,
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 DSC thermogram, the glass transition temperature
(Tg) was 4.4 �C, this low value indicated that the membrane
had a strong plasticizing effect, and accorded with the
membrane’s soft appearance (Fig. 4).

The SEM photograph of the membrane before drug per-
meation application showed that the membrane structure
was homogeneously dense and had no visual pores. The
SEM photograph of the membrane after drug permeation
application was found as the sponge, cellular surface
(Fig. 5). This result indicated that the drug penetrated
through the membrane indeed.

4. Conclusions

A new type of membrane was photosynthesized by UV
radiation in our laboratory. The membrane was made from
three monomers: 2-hydroxy-3-phenoxypropylacrylate,
4-hydroxybutyl acrylate and dibutyl maleate. When the
membrane was made from different ratios of monomers,
all of the membranes with different compositions could
experiment (original magnification 25,000·). Right: SEM photograph of
25,000·).
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control clonidine zero-order release. When three monomers
listed above are in the ratio of 4:4:2, the synthesized
copolymer membrane was chosen as an optimized mem-
brane because of its fine permeation and plasticity proper-
ties. This optimized membrane was similar to the
microporous membrane reported in the literature on the
aspect of the release properties, such as constant dosage
release. However this synthesized membrane had more
advantages than microporous membrane. This synthesized
membrane could change the ratios of compositions and the
thicknesses of membranes to achieve different permeation
rates, and the permeation rates were linearly dependent
on the square root of the concentrations of clonidine.
The SEM studies showed that the membrane had spongy
formation and clonidine released through the membrane.
The membrane also showed fine physical properties from
the DSC study. This new type of membrane was hopeful
to be used as controlled release membranes in the transder-
mal drug delivery system.
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