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Acrylate copolymer: a rate-controlling membrane
in the transdermal drug delivery system
Abstract: A film-like copolymer composed of 2-hydroxy3-phenoxypropylacrylate, 4-hydroxybutyl acrylate and
cyclohexyl methacrylate was synthesized and exploited
as a rate-controlling membrane in the transdermal drug
delivery systems (TDDs). A series of acrylate copolymers
with different formulations were characterized by Fourier
transform infrared spectroscopy, differential scanning calorimetry and tensile strength, and then evaluated by clonidine hydrochloride transporting through the films. It was
found that the formulation M2 composed of three monomers at a ratio of 4:4:2 (w/w/w) showed excellent mechanical and permeation properties. The optimal formulation
M2 was further characterized by scanning electron microscopy, contact angles and swelling ratio, and then the permeation behaviors of five different physicochemical drugs
transporting through the M2 were evaluated. The results
showed that the permeation behaviors were influenced
by many factors including the thickness of the membrane,
the physicochemical properties of the drugs, the dose of
the drugs and the interactions between the drugs and the
membrane. This type of copolymer membrane might open
new applications in the field of TDDs.
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1 Introduction
Compared with oral and injectable administration,
transdermal drug delivery systems (TDDs) have many
advantages including improved bioavailability, reduced
dose frequency and adverse reaction, which result in a
sustained and constant drug delivery rate and enhanced
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patient compliance (1, 2). TDDs are usually divided into
two different categories: one is the matrix type, in which
the drug is dispersed in a matrix layer, and the other is the
reservoir type, in which the drug is sandwiched between a
backing layer and a rate-controlling layer (3, 4). In the reservoir type, the rate-controlling layer is a very important
component because it ensures drug delivery at a sustained
rate following expected requirements (5, 6).
Currently, several film-like polymers are used as the
rate-controlling layer including 1. hydrogel membrane (7–
11), such as polyacrylic acid (12), chitosan (13–16), alginate
(17) and polysaccharide (18); 2. nanofibrous membrane
(19), such as polylactide-polyglycolide (PLGA) (20, 21) and
polycaprolactone/polyvinylpyrrolidone (PCL/PVP) composites (22); 3. polyampholyte latex membrane (23), such
as acrylic acid and co-2-(diethylamino)ethyl methacrylate
(24, 25); 4. and non-degradable polymer membrane, such
as polyethylene (6, 26), ethylene vinyl acetate (27, 28),
nylon (29, 30), polyacrylate (31, 32), rubber (33, 34) and
silica mesostructures (35, 36). Among the non-degradable
polymer membranes, permeation at a zero order is usually
observed because drug molecules transport through the
membrane via the pores fabricated by polymer chains
instead of degradation or dissolution of polymer (31–34).
Polyacrylates are widely used as pressure-sensitive
adhesives in TDDs because of their good compatibility
with a very wide range of drugs and excipients, ease of
processing and flexibility in tailoring the polymers’ properties (37). Moreover, polyacrylates as saturated hydrocarbon polymers are highly resistant to oxidation; therefore
stabilizers are not required to be added, as they may cause
skin irritation (37).
Polyacrylates usually have a low value of the glass
transition temperature (Tg) (-55 to -15°C) and are inherently
tacky, such characteristics have two effects on application
(37). One effect is that tackifiers and plasticizers generally
are not required to be added to enhance the viscosity and
softness of the polymers (37). The other effect is that polyacrylates are hard to mold into the desired shape owing
to the low Tg value; thus polyacrylates are difficult to use
as a rate-controlling membrane in TDDs. In our previous
research, several film-form polyacrylates existing independently without support were synthesized and used successfully as the rate-controlling membrane in TDDs (31, 32).
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In the present work, a new polyacrylate membrane
was synthesized and characterized by Fourier transform
infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), scanning electron microscopy (SEM), tensile
strength, contact angles and swelling ratio. Five drugs
were used as the models: 4-acetamidophenol, clonidine
hydrochloride (clonidine HCl), isosorbide dinitrate, scopolamine hydrobromide (scopolamine HBr) and diltiazem
hydrochloride (diltiazem HCl). The effects on the drug
permeability of the membranes’ thickness, the acrylate
monomers’ ratios, the doses of the drugs and the drugs’
physicochemical properties were studied and evaluated.

2 Results and discussion
2.1 S
 ynthesis and characterization of the
acrylate copolymers with different
formulations
In previous works, polymers composed of 2-hydroxy-3-phenoxypropylacrylate (monomer A) and 4-hydroxybutyl
acrylate (monomer B) (1:1 w/w) showed good mechanical and permeation properties (38, 39). Thus, the present
work maintained such A/B optimal ratio but changed the
content of the third monomer, cyclohexyl methacrylate
(monomer C). The process of the synthesis of the polymers
is shown in Figure 1.
When 3 mg/ml of clonidine HCl solution was transported through the membranes (14 μm thickness) with
different formulations, it was found that the permeation rate (J) became higher with the general increase in
monomer C content; however, there was no significant difference between M2 and M3 (p > 0.05) (Table 1). This result
revealed that the structure and content of the monomers
had important influences on the permeation. In a previous

Figure 1 The process of synthesis of polyacrylates.

study (40), when the polymers were composed only of A
and B, the J for the two drugs (methyl salicylate and naproxen) increased with increasing content of monomer B
(Table 1S). Also, a molecular model utilizing the molecular
mechanics 2 (MM2) energy minimization method included
in the ChemBio3D Ultra 12.0 software (
CambridgeSoft,
MA, USA) optimized the geometry for the side groups on
the C = C double bond of the monomers (Figure 1S); it was
found that the side groups of A were longer than those
of B (Table 2S). Thus, a hypothesis was proposed stating
that long side groups would occupy more inner space of
the pores randomly fabricated by the polymer chains compared with the short side groups, resulting in the slow
rate of drug transportation through the membrane. In this
work, the side groups on the C = C double bond of C were
shorter than those of A and B, and it was observed that the
J increased with increasing content of monomer C, which
verified the proposed hypothesis.
In contrast, it was known that the flexibility of the
polymer chains decreased with increasing number of side
groups on the C = C double bond of the acrylate monomers. Thus, the membranes became more brittle and
stiff as more monomer C was used in the formulations.
This assumption was successfully verified by DSC. As
shown by the DSC thermogram in Figure 2, the Tg value
of seven formulations – M1, M2, M3, M4, M5, M6 and M7 –
was 16.3°C, 19.9°C, 31.6°C, 38.4°C, 42.7°C, 55.1°C, 63.0°C,
respectively. These Tg values became higher with increasing monomer C. This provided an explanation as to why
the membranes became stiff with increasing monomer C
content. Moreover, these Tg values were much higher than
those of traditional polyacrylate pressure-sensitive adhesives, which allowed our polymers to show a flexible or
stiff film appearance at room temperature.
Figure 3 shows the mechanical properties of the films
with different formulations. As shown in the figure, the
changes in the flexibility or ductility of the films depend
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Table 1 Effects of the ratio of the monomers on the permeation of
clonidine HCl.
Formulation
M1a
M2a
M3a
M4a
M5a
M6a
M7a

A/B/C

J [μg/(cm2 h)]

Correlation
coefficient (r)

4.5:4.5:1
4:4:2
3.5:3.5:3
3:3:4
2.5:2.5:5
2:2:6
1:1:8

26.5 ± 0.2
31.9 ± 0.3
32.2 ± 0.9
41.4 ± 0.6
50.4 ± 0.9
NDb
NDb

0.9935
0.9986
0.9993
0.9779
0.9974
NDb
NDb

The thickness of the copolymer membranes was 14 μm.
ND, not determined because of the poor flexibility of the
membranes.

a

b
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on the content of monomer C. The ductility of the films
decreased with increasing monomer C content, which
could be due to the restricted mobility of the polymer
chains caused by the increased stiffness of the film. The
films became very brittle when the amount of monomer
C was increased to 50%, which resulted in films that were
easily broken at the pressed areas.
The FTIR spectra of seven formulations were similar
(Figure 4); here the datum of M2 is shown in detail: the
wide peak of 3427 cm-1 was the stretching vibration of
O-H; 2933 and 2858 cm-1 were the stretching vibrations of
C-H; 1594, 1490, 1445 and 1389 cm-1 were the aromatic ring
skeleton vibrations; 748 and 688 cm-1 were the bending
vibration of C-H in the aromatic ring; 1716 cm-1 was the
stretching vibration of C = O in the ester group; 1162 cm-1
was the stretching vibration of C-O-C in the ester group;
1231 cm-1 was the stretching vibration of C-O in O-C6H5;
1114 cm-1 was the stretching vibration of C-O in CHOH; and
1034 cm-1 was the stretching vibration of C-O in CH2OH.
After considering both the permeation and the flexibility of the membranes, the M2 formulated A, B and C
monomers at a ratio of 4:4:2 (w/w/w) were chosen as the
optimal membranes and were used to evaluate the permeation of different drugs.

2.2 Characterization of the M2

Figure 2 DSC thermograms of the polyacrylates with different
formulations.

Figure 3 Stress-strain curve of the polyacrylates with different
formulations.

In SEM determination, the M2 showed a smooth surface
(Figure 5).
The M2 exhibited an 8% swelling ratio, which shows
that the membrane swelled slightly owing to the hydroxyl

Figure 4 FTIR spectra of the polyacrylates with different
formulations.
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Table 2 Effects of the thickness of the membrane on the permeation of clonidine HCl.
Thickness
(μm)
14
30
44

Figure 5 Scanning electron micrograph of the M2 (original
magnification × 25,000).

groups on the side chains. The M2 could not be eroded
either, with a 0% erosion ratio.
The contact angle of the M2 was 70.7° (Figure 6),
which indicates that the surface of the M2 was slightly
wetted by water; this result was consistent with the low
swelling ratio of the M2.

2.3 E
 ffect of the membrane’s thickness on
the permeation
Different thicknesses – 14, 30 and 44 μm, respectively – of
the M2 were used as the rate-controlling membrane, and
the permeation properties of 3 mg/ml of clonidine HCl
solution transporting through the M2 were studied. Table 2
shows that an increase in the thickness of the M2 resulted
in a decrease in the amount of clonidine HCl transporting
through the membrane. This result could be explained by
Fick’s law, as given by Equation [1]:
J=

1 dMt
∆C
[1]
=P
A dt
L

where J is the permeation rate, dMt/dt is the mass of the
solute that permeates through the membrane in a unit

J [μg/(cm2 h)]

Correlation
coefficient (r)

31.9 ± 0.3
12.3 ± 0.3
7.3 ± 0.01

0.9986
0.9781
0.9785

time, A is the permeation area, ΔC is the concentration
difference between the donor cell and the receptor cell, P
is the permeability coefficient and L is the thickness of the
rate-controlling membrane (41).
From Equation [1], it was determined that the thickness of the membrane was an important factor influencing the permeation of the drug molecules. When J and 1/L
were fitted by a linear equation, it was found that a perfect
linear relationship was exhibited, with a correlation coefficient (r) value of 0.9995 (figure not shown). Similar
results were obtained from a rubber film (34).

2.4 Effect of the drugs’ physicochemical
properties on the permeation
Higo (42) claimed that the J of the drugs could be influenced by many factors including the molecular weight
(Mw), octanol/water partition rate (log Ko/w) and melting
point (MP) of the drugs. Table 3 lists the J of the five drugs
(3 mg/ml donor concentration) transported through the
M2 (14 μm thickness) and their physicochemical para
meters. It was found that it was difficult to show a simple
relationship between the J and the physicochemical
parameters of the drugs. Five drugs were divided into two
groups: the first group included clonidine, scopolamine
and diltiazem, which were processed into salts and dissolved in water as the donor solution. The second group
consisted of 4-acetamidophenol and isosorbide dinitrate,
which hardly dissolved in water and, thus, 10% (v/v)
1,2-propanediol in water was used as the donor medium
Table 3 The J and the physicochemical parameters of the drugs.
Druga
4-Acetamidophenol
Clonidine
Isosorbide dinitrate
Scopolamine
Diltiazem

Figure 6 Contact angle photograph of the M2.

J [μg/(cm2 h)]

Mw

log Ko/w

MP (°C)

26.017
31.705
77.011
19.004
4.071

151.16
230.09
236.14
303.35
414.52

0.31 (43)
0.83 (42)
1.31 (44)
1.24 (42)
2.70 (45)

170
140
69
59
212

The concentration of all drugs in the donor cell was 3 mg/ml.

a
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Figure 7 The relationship between J and (A) Mw, (B) log Ko/w and (C) MP.

instead. In the first group, the J became larger with lower
Mw and lower log Ko/w. But the results of the second group
were the opposite of those of the first group. At the MP,
the J became larger as the MP of the drugs became lower
except for scopolamine (Figure 7). According to the claims
proposed by Higo (42), the J of drugs became larger with
lower MP, lower Mw and moderate log Ko/w. The results of
the first group conformed to his claims better than those
of the second group.
In general, the J decreased with the increase in the
size of the drug molecule, which simplifies to J decreasing with increasing Mw of the drug. However, 4-acetamidophenol and isosorbide dinitrate showed an anomalistic
pattern. The reason is that 4-acetamidophenol (illustrated
in Figure 8) with two H-donors and three H-acceptors
generated intermolecular H-bonds and further led to the
sharp increase in molecular size, but the Mw of isosorbide
dinitrate without H-donors did not readily increase.

The lipophilicity of the drug also had an influence on
the permeation. It was found that the log Ko/w of clonidine,
scopolamine and diltiazem was 0.83, 1.24 and 2.7, respectively. Their corresponding J was 31.705, 19.004 and 4.071,
respectively. According to the rule of “likes dissolve likes”,
the hydrophilicity of a drug promoted the transportation
of the drug through the membrane because the surface of
the M2 was slightly hydrophilic. Conversely, the log Ko/w of
4-acetamidophenol and isosorbide dinitrate was 0.31 and
1.31, respectively, and their corresponding J was 26.017
and 77.011, respectively. This indicates that other effects
accelerated the drug permeation. With 1,2-propanediol as
the donor medium, their log Ko/w was -0.92 (recorded in
International Programme on Chemical Safety, ICSC:0321);
thus it would obviously promote permeation. However,
the molecular size of 4-acetamidophenol became large
by self-aggregation, which resulted in the decrease in the
permeation.

Figure 8 Illustration of the structure and molecular weight of the drug molecules.
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2.5 E
 ffects of the drug dose on the
permeation
In order to evaluate the effects of the doses of different drugs on the permeation, clonidine and isosorbide
dinitrate were used as the model drugs because their
molecular weights were similar, but their J values were
significantly different in the same administration concentration of 3 mg/ml (Table 3). The J for clonidine HCl solution (0.5, 1.0, 3.0, 5.0 and 7.0 mg/ml) transporting through
the 14-μm-thick M2 was compared with that of isosorbide
dinitrate solution (1.0, 2.0, 3.0 and 5.0 mg/ml) (Figure 9).
We could observe a platform for J when the amount of
clonidine HCl was varied from 3.0 to 5.0 mg/ml (p > 0.05),
which was similar to known polyacrylate membranes in
the literatures (38, 39). However, for isosorbide dinitrate,
the J could be fitted with the concentration by a linear
equation, with a correlation coefficient (r) of up to 0.9997
(figure not shown).
The reason why the same membrane presented a different permeation behavior to different drugs was possibly that there was an intermolecular interaction between
drug molecules and polymer chains. As the polyacrylate
was a non-degradable and water-insoluble polymer,
the rate of drug transport through the polyacrylate was
limited by the rate of the drug diffusion rather than by
the polymer’s dissolution and degradation (46). Due to
numerous hydroxyl groups and ester groups on the polyacrylate chains, intermolecular H-bonds were generated
during the process of diffusion of clonidine HCl and, subsequently, some clonidine molecules were captured by
the polymer chains. The actual number of free clonidine
molecules did not increase yet when the dose of clonidine

was increased from 3 to 5 mg, which resulted in a platform for the J. With the continuous increase in the drug
dose, the captured clonidine molecules became saturated
and the J increased with a further increase in the dose of
clonidine (39).
However, as isosorbide dinitrate had no H-donors, it
was difficult to generate intermolecular H-bonds, which
resulted in a dose-dependent permeation behavior. Thus,
because the M2 presented different permeation behavior
to different drugs, it was used as a rate-controlling membrane in the TDDs to achieve the expected requirement.

3 Conclusions
In this study, a new type of acrylate copolymer with different formulations was prepared via a UV curing method,
using 2-hydroxy-3-phenoxypropylacrylate, 4-hydroxybutyl acrylate and cyclohexyl methacrylate monomers. The
M2 showed perfect mechanical and permeation properties, and the J of the M2 showed a thickness-dependent
relationship. Furthermore, the M2 exhibited different permeation behaviors during the process of transport of different drugs through the M2. The results indicated that the
permeation behavior was complicated, as many factors
influenced the permeation including the molecular size,
log Ko/w and dose of the drug, and the interaction between
the drugs and the membrane material. This new acrylate
copolymer material might open new applications in the
field of TDDs.

4 Experimental part
4.1 Materials

Figure 9 Graph of the J and drug concentration of clonidine HCl and
isosorbide dinitrate being transported through the M2.

2-Hydroxy-3-phenoxypropylacrylate, 4-hydroxybutyl acry
late and cyclohexyl methacrylate (Sigma-Aldrich Corporation, Madison, WI, USA) were purified by vacuum
distillation under reduced pressure and stored at 4°C for
further use. Benzoyl peroxide, 4-acetamidophenol and
clonidine HCl (National Medicine Corporation, Shanghai,
China) were used as received. Isosorbide dinitrate (Shanghai Yuanji Chemical Co. Ltd., Shanghai, China) and scopolamine HBr (Merck, Shanghai, China) were used as
received. Diltiazem HCl was obtained as a gift sample from
Shanghai Pharma Corporation (Shanghai, China). All the
other chemicals received were of the highest purity and
used without further purification.
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4.2 S
 ynthesis of film-like acrylate
copolymer
Three UV-curable acrylate monomers with different ratios
(Table 1) mixed with photo-initiators (3% benzoyl peroxide) were dissolved completely and then placed on a
quartz substrate (diameter of 30 mm). The quartz substrate
was treated under UV light (UV spectrum: 200–400 nm;
power: 3 kW); the distance from the quartz substrate to
the UV lamp was 12 cm, and the mixture was polymerized by UV light for ∼5 min. Finally, the cured polyacrylate
membranes were carefully separated from the quartz substrate. After the demolding, the membranes were further
washed with distilled water repeatedly to eliminate the
residues of the monomers and initiators, and then stored
in distilled water. The reactive equation of the polymerization is shown in Figure 1.

4.3 C
 haracterization of the copolymer
membrane
FTIR was performed on a Nicolet iS10 FT-IR spectrometer
(ThermoScientific, Waltham, MA, USA). The thin freezedry film was scanned directly by an attenuated total
reflection accessory equipped with a ZnSe crystal at a
resolution of 4 cm-1 with 16 times of scanning over a wavenumber range of 600–4000 cm-1.
The Tg of the films was determined by DSC (DSC 204F1,
Netzsch, Selb, Germany). The film samples weighing
approximately 5 mg were first heated from 20°C to 200°C
at a heating rate of 10°C/min and then held for 5 min to
eliminate the thermal history. Subsequently, the samples
were cooled to -60°C under a N2 atmosphere and then
heated again from -60°C to 200°C at a rate of 10°C/min.
Tensile strength was tested using the AI-3000 tester
(Gotech, Guangzhou, China). The film was cut into a
shape with a length of 10 mm, width of 5 mm and thickness of 0.5 mm. The tensile speed was set at 1 mm/min,
and the initial grip separation was 5 mm. The stress-strain
tensile curve of the films was recorded.
SEM analysis was performed by using a Sirion
200 scanning electron microscope (FEI, Eindhoven,
The Netherlands). Before the SEM analysis, the film was
freeze-dried in a vacuum and then sputtered with gold
coating.
The static contact angles for the film were determined
by the sessile drop method at room temperature and a controlled humidity. One-microliter drop of deionized water
was placed on the film surface; the contact angles were
recorded in 30 s using a contact angle system (OCA 20,
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Dataphysics Instruments GmbH, Filderstadt, Germany) at
five different locations on the surface. Then, the average
value was calculated.
The swelling and erosion ratios of the films were
determined. Each freeze-dry membrane was weighed and
recorded (W0). Then the film was immersed in distilled
water at room temperature for 48 h. The hydrated film was
blotted with filter paper to remove excess water, and the
new weight (Ws) was recorded. Then, the film was dried
in an oven at 60 ± 2°C overnight, reweighed and the new
weight (Wd) recorded. The swelling ratio and the erosion
ratio were calculated following Equations [2] and [3] (47).
Ws -W0
× 100 
W0

[2]

W0 -Wd
× 100 
W0

[3]

Swelling ratio(%) =
Erosion ratio (%) =

4.4 Drug permeation experiments
The tested film was blotted with filter paper to remove
excess water and then mounted on a modified Franz
diffusion cell with 0.785 cm2 of effective diffusion area.
There was a 1-ml drug solution in the donor compartment,
where clonidine HCl, scopolamine HBr and diltiazem
HCl were dissolved in water as the donor solution;
4-acetamidophenol and isosorbide dinitrate were dissolved in 10% (v/v) 1,2-propanediol/water as the donor
solution. The receptor compartment was filled with a
phosphate buffer solution (0.01 mol/l, pH 7.4) for clonidine HCl, scopolamine HBr and diltiazem HCl, or with
10% (v/v) 1,2-propanediol/water for 4-acetamidophenol
and isosorbide dinitrate, and then maintained in a water
bath at 37 ± 0.5°C. The receptor medium was stirred constantly at 200 rpm. At predetermined time intervals, the
receptor solution was withdrawn and then replaced with
an equal volume of fresh receptor medium. The samples
were analyzed at a specific maximum absorption wavelength (λmax) using a UV-Vis spectrophotometer (DU800,
Beckman, Fullerton, CA, USA): 4-acetamidophenol,
λmax = 243 nm; clonidine HCl, λmax = 220 nm; isosorbide
dinitrate, λmax = 220 nm; scopolamine HBr, λmax = 210 nm;
and diltiazem HCl, λmax = 240 nm.

4.5 Data analysis
The cumulative amount of drug being transported through
the rate-controlling membrane was calculated following
Equation [4]:
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i=n -1

Q=

CnV + ∑ CiVi
i= 1

A



[4]

where Q is the cumulative amount of drug permeation
(μg/cm2); V is the receptor solution volume (ml); Vi is the
sample volume (ml); Cn and Ci are the drug concentration
(μg/ml) of the receptor cell and the extracted sample,
respectively; and A is the transporting area (cm2).
When the cumulative drug amount (Qt, μg/cm2) was
plotted vs. time (T, h), the slope of the linear portion of
the plot was presented as the permeation rate (J, μg/cm2
per hour). The intercept on the x-axis was presented as the
lag time (TL, h). All of the permeation experiments were
repeated three times from an independent batch, and the
mean values of the permeation rates with standard deviations were calculated. One-way analysis of variance was
used to determine the statistically significant differences.
The p value used in this study was 0.05.
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