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Summary 

A controlled drug delivery device based on the principle of electrophoresis is described in this paper. A model system using 

propranolol HCI and PHEMA films is used to demonstrate how control over the release of a model drug may be achieved using 

low constant electric currents. Polymer formulation is shown to be important, highly crosslinked polymer producing a different 

effect to low crosslinked polymer. The model is used to demonstrate the low power requirements for control over drug transport 

and indicates the feasibility of using an electrophoretically controlled drug delivery device to provide truly controllable and 

predictable release rates. 

Introduction 

Polymers have been used extensively in the 
development of systems to provide the controlled 
long-term delivery of drugs and other chemicals 
(Langer, 1980, 1990). The majority of work in the 
field of controlled drug delivery has focussed on 
the development of systems where release rates 
are a simple function of time eg. zero-order. It 
has become apparent, however, that this ap- 
proach may not be the most appropriate and 
effective manner of delivery for many drugs, and 
that delivery systems which can provide variable 
release rates, dependent on the bodies varying 
requirements, may result in improved therapeutic 
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effects and reduced side-effects (Banga and 
Chien, 1988; Reinberg, 1988; Pitt, 1990; Staudin- 
ger, 1990). This realization has stimulated much 
recent interest in the development of pulsed and 
self-regulated drug delivery systems (Kost, 1990; 
Langer, 1990). One such delivery system that has 
attracted interest is based on the principles of 
constant current electrophoresis (D’Emanuele et 
al., 1988; Lescure et al., 1988). A schematic dia- 
gram of the proposed device is shown in Fig. 1. It 
consists of a polymer reservoir device with the 
addition of a pair of electrodes placed across the 
rate limiting membrane. In the absence of an 
electric field a basal level of drug release will 
occur which may be modulated in a controlled 
and predictable manner by altering the magni- 
tude of the electric field between the electrodes 
(D’Emanuele and Staniforth, 1991). The most 
innovative and exciting prospect of this type of 
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Fig. 1. Schematic representation of an electrophoretic 
pump.The device consists of a reservoir of therapeutic agent, 
the release of which is controlled by a rate controlling poiy- 
merit membrane. The release may be modulated in either a 
positive or negative manner by appropriate control of the 
electric field between a pair of electrodes placed on either 
side of the polymer membrane. Control over the electric field 
is by means of a microprocessor which may receive informa- 

tion from a biosensor element. 

delivery system is the potential for feedback con- 
trol where the output from the pump may be 
varied as a result of information received form a 
biosensor element (D’Emanuele and Staniforth, 
1993). 

The polymeric film determines the basal deliv- 
ery rate and also the behaviour of the device. In 
the present study a model system based on con- 
stant current electrophoresis was examined using 
crosslinked poly(2-hydroxyethyl methacrylate) 
(PHEMA) as the rate limiting membrane and 
propranolol hydrochloride (PHC) as a model 
drug. 

The transport mechanism of PHC through 
PHEMA hydrogel films is dependant on the pro- 
portions of bound and free water within the poly- 
mer, and can be controlled by appropriate manip- 
ulation of the polymer formulation (Ratner and 
Miller, 1973; Lee et al., 1978). In particular, 
crosslinker content may be altered to provide 
different mechanisms of transport for PHC 
through crosslinked PHEMA films (D’Emanuele 
and Staniforth, 1987, 1988; D’Emanuele, 1989). It 
is thought that at low crosslinker content (approx. 
3% or less) the transport of PHC through 
PHEMA is via a pore mechanism, but as the 
crosslinker content is increased, transport be- 
comes predominantly partition mechanism domi- 
nated. The present study investigates the effect of 

polymer formulation on the electrophoretic trans- 
port of PHC. 

The proposed system requires a power source 
to produce an electric field. The power require- 
ments of the model system are examined in order 
to demonstrate that low power requirements ob- 
tainable from small batteries, for example, may 
be used to provide effective control over drug 
transport. 

laterals and Methods 

materials 
Propranolol hydrochIoride was received as a 

gift from Forum Chemicals Ltd (Redhill, U.K.). 
2-Hydroxyethyl methacrylate (stated purity > 
97%) and ethylene glycol dimethacrylate (stated 
purity > 96%) were obtained from Fluorochem 
Ltd (Glossop, U.K.). Ammonium persulphate 
(electrophoresis grade) was obtained from FSA 
Laboratory Supplies (Loughborough, U.K.). Plat- 
inum foil (0.025 mm thickness) and wire (0.5 mm 
diameter) were obtained from FSA Laboratory 
Supplies (~ughborough, U.K.). All water used in 
these studies was freshly distihed. All other 
chemicals used were of analytical reagent purity. 

Preparation of PHEM4 Films 
Films of homogeneous PHEMA films were 

prepared by chemical initiation. Films were poly- 
merized in a mould which consisted of two thin 
glass plates separated by a spacer. The films were 
crosslinked by the addition of either 0.1, 1 or 7% 
EGDMA in the presence of 0.5% ammonium 
persulphate with a total water content of 37.5% 
in the polymerizing solution. The solution was 
degassed thoroughly with helium prior to the 
addition of the ammonium persulphate. The 
polymerization was allowed to proceed for 18 h at 
6o”C, after which the glass plates were separated 
and the polymer films peeled away. The films 
were stored in distilled water at 4”C, the distilled 
water being changed daily for three weeks. The 
purpose of this being to leach out any ammonium 
persulphate or unreacted monomers, and to allow 
the polymer to swell to its equilibrium volume. 
The polymer was then cut into disc form using a 



cylindrical bladed metal cutter and immersed in 
pH 4.48 Walpole acetate buffer and stored at 4°C 
until ready for use. The hydrogel film thickness 
was measured by placing it between two glass 
plates of known thickness and measuring the 
total thickness with a precision digital micrometer 
(Mitutoyo, supplied by RS Components Ltd, 
Corby, U.K.), using the torque control so as not 
to over-compress the hydrogel. The discs used in 
the present study were approx. 0.09 cm in thick- 
ness and 4 cm in diameter. 

Electrophoresis studies 
The methodology and its validation have been 

fully described previously (D’Emanuele and Stan- 
iforth, 1991). A schematic diagram of the equip- 
ment used in electrophoresis studies is shown in 
Fig. 2. Briefly, each compartment of the glass 
electrophoresis cell contained 210 ml of buffer 
(pH 4.48 Walpole’s acetate) with the reservoir 
containing PHC at a concentration of 4.3 mg/ml. 
Both compartments were stirred and maintained 
at 25°C. The receptor compartment buffer was 
pumped through an ultraviolet spectrophotome- 
ter at a rate of 0.5 ml/min and the concentration 
of PHC continuously monitored at 288 nm. The 
computer was used to collect and analyze data, as 
well as to control the power supply in response to 
inputted data if desired. The power supply, which 
produced currents in the range of O-2.5 mA, was 
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Fig. 2. 

ELECTROPHORESIS CELL 
Schematic diagram of the apparatus used in elec- 

trophoresis studies. 

connected to the electrodes 
posed of 1 cm* platinum foil. 

Effect of crosslinker content 
The effect of using 0.1, 
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which were com- 

1 and 7% w/w 
EGDMA crosslinker on electrophoresis was ex- 
amined. Previous studies showed that crosslinker 
content has a significant effect on the transport 
of PHC through PHEMA films (D’Emanuele and 
Staniforth, 1987, 1988; D’Emanuele, 1989). A 
pore mechanism of transport of PHC through 
PHEMA is believed to predominate with the 0.1 
and 1% crosslinked polymers whereas a partition 
mechanism of transport is thought to occur using 
the 7% crosslinked polymer. Transport via a pore 
mechanism is associated with free, or bulk water 
within the polymer where as a partition mecha- 
nism of transport is associated with bound water 
within the polymer. 

The electrophoresis cell was assembled with 
PHEMA of the appropriate crosslinker content. 
After the delivery rate due to diffusion had be- 
come constant, a current was produced by the 
power supply for a period of 4 h, then turned off 
again. Electrophoresis studies were performed 
after steady state conditions had been estab- 
lished, since electrophoresis studies prior during 
the lag period of diffusion produces different 
effects (D’Emanuele and Staniforth, 1991). For 
any given crosslinker content the effect of differ- 
ent currents on electrophoresis was examined over 
the range O-2.5 rnA. 

Power requirements 
The power requirements of the model elec- 

trophoretic system was examined. The voltage 
across the platinum electrodes was measured us- 
ing a voltmeter (Weston 6100, supplied by RS 
Components Ltd, Corby, U.K.). In all elec- 
trophoresis experiments, the voltage was mea- 
sured 10 min after the start of electrophoresis. 
This was used as an estimate of the voltage 
during an experiment since it has been shown 
that the voltage remains constant during experi- 
ments (i.e., constant power conditions) (D’Ema- 
nuele and Staniforth, 1991). The power require- 
ments and resistance of the model system could 
then be calculated to give an approximation of 
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the power requirements of an electrophoretic de- 
vice. 

Results and Discussion 

Effect of Electric Current 
Fig. 3 shows the relationship between PHC 

receptor compartment concentration and time us- 
ing 1% crosslinked PHEMA film, showing the 
effect that an electric current of 2.4 mA has on 
the delivery rate of PHC into the receptor com- 
partment when applied for 4 h. The profile shown 
is representative of those obtained with all the 
currents examined in the range of O-2.5 mA; the 
magnitude of the change in drug delivery rate was 
found to vary with current. The drug delivery rate 
increases almost immediately on application of an 
electric current, the delivery rate decreasing sig- 
nificantly on removal of the current, though be- 
tween 6 and 10 h is usually required for the rate 
to decrease to pre-electrophoresis levels (D’Ema- 
nuele and Staniforth, 1991). Delivery rates during 
application of an electric current were found to 
be constant and reproducible. The relationship 
between PHC delivery rate and current was found 
to be linear as shown in Fig. 4, each point repre- 
senting the mean of three experiments (error bars 
were too small to be shown). Previous studies on 
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Fig. 3. Effect of current on the transport of PHC into the 

receptor compartment of the electrophoresis cell with 1% 

crosslinked PHEMA films. 
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Fig. 4. Effect of applied current on the delivery rate of PHC 

into the receptor compartment of the electrophoresis cell with 

1% crosslinked PHEMA films. 

electrophoretic drug delivery devices have shown 
a similar linear relationship when insulin was 
investigated using constant voltages (Kumar, 1986) 
and bovine serum albumin using constant cur- 
rents (Lescure et al., 1988>, both these studies 
used polyacrylamide as the membrane material. 
The results show that drug delivery rates may be 
predictably increased by a significant amount us- 
ing low electric currents. 

Effect of crosslinker content 
The effect of PHEMA crosslinker content on 

the delivery rate of PHC produced by constant 
current electrophoresis is shown in Fig. 5. Linear 
regression analysis of the three curves indicated 
that for 0.1 and 1.0% crosslinked PHEMA the 
relationship between delivery rate and current is 
linear, however, for 7.0% crosslinked PHEMA 
the relationship appears curvilinear. The results 
are surprising and do not follow the pattern of 
delivery which might be expected; in the current 
range examined the delivery rate produced for a 
given current was greatest for 1% followed by 
0.1% and was lowest for 7% crosslinked PHEMA. 
This was not expected because the diffusion coef- 
ficients, calculated from the steady state diffusion 
period prior to electrophoresis, showed the fol- 
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Fig. 5. Effect of crosslinker content on the electrophoretic 
transport of propranolol HCl through PHEMA films. 

lowing expected order of drug transport rates: 
0.1% > 1.0% > 7%. The lines of best fit for the 
0.1 and 1.0% crosslinked PHEMA, if extrapo- 
lated to zero current, cross over and give approxi- 
mate intercepts of drug delivery produced by 
diffusion alone, with the intercept being greatest 
for the 0.1% crosslinked PHEMA film, as would 
be expected. Thus the change produced in drug 
delivery rate by changes in current are greater for 
the 1.0% than the 0.1% crosslinked PHEMA. 
The order of drug delivery produced by the vari- 
ous crosslinked polymers is also surprising when 
the electrical resistance across these films is mea- 
sured (Table 1); the pattern of resistance follows 
the expected order with 0.1% crosslinked 
PHEMA producing the lowest resistance. 

Previous electrophoretic studies using poly- 
acrylamide have shown that as crosslinker con- 

TABLE I 

Effect of PHEMA crosslinker content on the measured resis- 
tance between platinum electrodes at 25°C 

Crosslinker Resistance 
content (%) (0) 

0.1 778 
1.0 835 
7.0 1685 

229 

tent increases, electrophoretic mobility decreases 
(Hedrick and Smith, 1968; Brackenbridge and 
Bachelard, 1969). Studies into electrophoretic 
drug delivery devices using polyacrylamide have, 
however, shown a biphasic relationship between 
mobility and crosslinker content; as crosslinker 
content is increased initially, a decrease in mobil- 
ity is found, which reaches a minimum and then 
increases again as crosslinker content is increased 
further (Kumar, 1986; Lescure et al., 1988). This 
effect was attributed to a re-arrangement of the 
polyacrylamide network with changes in cross- 
linker content. At low crosslinker contents, as 
crosslinker concentration is increased, a decrease 
in gel mesh size is thought to occur, and thus a 
decrease in mobility is found. At higher cross- 
linker contents a re-arrangement of the network 
is thought to occur resulting in an increase in 
mesh size and thus increase in mobility. A similar 
pattern of delivery rate and crosslinker content 
may be followed with PHEMA, however there is 
no evidence to suggest that such a re-arrange- 
ment of PHEMA structure occurs as crosslinker 
content is altered. 

An alternative explanation for the effect found 
in the present study is that the structure of 
PHEMA may somehow be affected by the appli- 
cation of an electrophoretic field, indeed poly- 
acrylamide has been shown to swell slightly dur- 
ing electrophoresis (Kumar, 1986). If there is a 
change in structure occurring as a result of elec- 
trophoresis, then this change may be related to 
the electric field strength, which is directly re- 
lated to the applied electrophoretic current. In 
the case of both 0.1 and 1% crosslinked PHEMA, 
transport within PHEMA is believed to be via a 
pore mechanism (D’Emanuele and Staniforth, 
1987, 19881, the diffusion coefficients of these 
two crosslinked films being similar. One would 
expect a more rigid structure in the higher 
crosslinked 1.0% crosslinked PHEMA than the 
0.1% crosslinked PHEMA film, thus the 1.0% 
crosslinked PHEMA may be more resistant to 
changes in structure produced by an electric field. 
This effect may explain the results obtained if the 
changes in the structure of PHEMA caused by an 
electric field results in the transport of propra- 
nolo1 HCl through PHEMA being hindered. This 
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explanation however may be an oversimplifica- 
tion since changes in the crosslinker content in 
PHEMA has effects on both the effective pore 
size and the structure of water within the polymer 
(Roorda et al., 1986). 

The crosslinker content can also dictate the 
type of effect produced by a constant current. 
Fig. 6 shows the relationship between receptor 
propranolol HCl concentration and time using a 
7% crosslinked PHEMA film, and the effect of 
application of a current of 2.4 mA. The effect is 
in contrast to that produced with 1% crosslinked 
PHEMA as shown in Fig. 3. The increase pro- 
duced by a current is highly dependent on the 
PHEMA crosslinker content. As an example, the 
ratio between delivery rate during electrophoresis 
and delivery rate due to diffusion prior to an 
electrophoretic current of 1.9 mA is 32 for 7% 
crosslinked PHEMA. The same ratios calculated 
for 0.1 and 1.0% crosslinked PHEMA are 6 and 
7.5, respectively. Thus with the lower crosslinked 
PHEMA (0.1 and l.O%), even though a much 
higher delivery rate is produced by a given cur- 
rent, the change in delivery rate caused by elec- 
trophoresis over that due to diffusion prior to 
electrophoresis is much greater with the higher 
crosslinked PHEMA (7%). This difference may 
be a result of the difference in transport mecha- 
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Fig. 6. Effect of current on the transport of PHC into the 
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nisms between the high crosslinked polymer film 
and the lower crosslinked films. A difference in 
the properties of the films is also indicated by the 
resistance data (Tabie 1); the resistance across 
the 7% crosslinked PHEMA was found to be 
much greater than that of the 0.1 and 1.0% 
crosslinked PHEMA. 

The effects produced by altering polymer for- 
mulation could be utilized in the design of a drug 
delivery system, so that the formulation of the 
polymer would be optimized for individual appli- 
cations. 

Power requirements 
Fig. 7 shows the relationship between voltage 

and current across 1% crosslinked PHEMA at 
25°C. The linear relationship between voltage 
and current in Fig. 7 was typical of that found in 
all experiments in this study, which allowed the 
resistance across the system to be calculated from 
the gradients of these plots (Table 1). 

The measured voltage across the electrodes 
during electrophoresis enables the calculation of 
the power requirements of the model system. It 
should be noted that the resistance calculated is 
that across the whole cell and that the actual 
power requirements of a prototype device is likely 
to be lower. As an example, for a 1% crosslinked 
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polymer film, at 37°C the calculated power re- 
quirements at a constant current of 2.0 mA is 2.5 
mW. This value has significant implications with 
respect to the use of a low-power electrophoresis 
drug delivery device for clinical use. Such a de- 
vice could be powered by batteries, for example a 
typical button-type lithium cell is capable of sup- 
plying 200 mA h at a constant 3 V (RS Compo- 
nents Ltd, Corby, U.K.), which is approximately 
equivalent to 200 operating hours at the power 
consumption calculated above. The model sys- 
tems thus demonstrates that power requirements 
are relatively low, thus demonstrating the feasibil- 
ity of an electrophoretic device. 

Conclusions 

Low constant current electrophoresis was 
shown to allow control of the transport rates of 
PHC through PHEMA films. Currents in the 
range of O-2.5 mA had a significant effect on 
transport rates of PHC, the effects being rapid 
and reversible. The results also indicated that the 
delivery rate of PHC during electrophoresis can 
be predicted using currents in the range exam- 
ined. The crosslinker content of the polymer 
strongly affects the changes in transport pro- 
duced by an electric current permitting the opti- 
mization of the polymer formulation for individ- 
ual applications. The low power requirements 
and control over drug transport demonstrate the 
feasibility of an electrophoretically modulated 
drug delivery system. 
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