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Abstract

Apomorphine is a mixed dopamine D /D receptor agonist which is potentially useful in the treatment of Parkinson’s1 2

disease. The delivery of apomorphine is however complicated because it is not absorbed orally and other delivery routes with
the exception of the intravenous route seem to fail. The most interesting route for controlled delivery of apomorphine is
transdermal iontophoresis because this could enable the Parkinson patient to directly control the needed amount of
apomorphine by increasing or decreasing the drug input in order to achieve optimal drug therapy (‘on-demand’) with a
minimum of toxic side effects. The typical features of Parkinson’s disease could be used to monitor the needed drug input
and even more elegantly by means of suitable chip sensors which are able to directly measure bradykinesia, akinesia and/or
tremor and to regulate in such a way the drug input. Such a chip-controlled iontophoretic system would be the first
closed-loop system monitoring not pharmacokinetic data (blood levels) but more importantly externally measurable
pharmacodynamic effects of Parkinson’s disease. This scenario is more feasible as skin irritation and toxicity studies have
proven that iontophoresis is a safe route of treatment. This review describes the basics of iontophoresis and the development
of a transdermal iontophoretic delivery system on the basis of integrated pharmacokinetic /pharmacodynamic (PK/PD)
investigations in patients with idiopathic Parkinson’s disease. Transdermal iontophoretic transport of apomorphine was
studied both in vitro with human stratum corneum using a newly developed iontophoretic continuous flow-through transport
cell and in vivo in a first exploratory study in patients with Parkinson’s disease. These studies showed that the delivery of
apomorphine is feasible and furthermore the rate of delivery can be controlled by variation of the current densities.
Additionally the pretreatment of the skin either with a mono-surfactant or a vesicular suspension of elastic liquid-state
vesicles may be useful to further increase the apomorphine flux across the skin in combination with iontophoresis.
 2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction to iontophoresis is programmable and controllable resulting after
about 1 h in smooth and continuous plasma levels

Iontophoresis is a non-invasive technique which with a minimum of inter- and intra-subject vari-
uses a mild electric current to enhance and facilitate ability.
the dermal, but especially the transdermal, delivery From human iontophoretic clinical data on pep-
of a variety of drugs, especially of hydrophilic drugs tides and non-peptides it appears that electrically
such as small peptides and hydrophilic compounds assisted transdermal delivery of drugs into the sys-
such as apomorphine, enalaprilat and others, which temic circulation is rapid and that plasma levels
are not passively absorbed in the gastrointestinal decline rapidly on termination of the applied current.
tract. For this class of drugs, the enhancement of This ‘on–off’ feature provides another dosing
transport across the human skin is about 50–1000- scenario in that the iontophoretic patch could be
fold in comparison to their passive transdermal flux employed to deliver ‘on-demand’ doses of a drug,
and intestinal absorption. either in the case of acute pain management through

The recent attention given to this| 100-year-old patient activation of a convenient ‘bolus’ button or
technology stems in part from advances made in the by direct measuring of ‘disease parameters’ via a
following technologies. Firstly, the widespread pa- sensor or an externally worn microchip (such as, for
tient acceptance and financial success of passive example, fever or heart beating frequency).
transdermal patches such as nicotine, nitroglycerin,
estradiol, fentanyl and others have stimulated interest 1 .2. How the patch works
to expand the range of therapeutic agents for this
delivery route. Secondly, technological break- A simplified representation of the components of
throughs in the microelectronics industry have en- an iontophoretic patch is given in Fig. 1.
abled miniaturization of programmable electronic These iontophoretic patches are basically com-
components at lower cost. Finally, the advances in prised of three distinct components.
recombinant DNA technology and rational drug
design have yielded several therapeutically potent 1. The drug reservoir is aqueous in nature and is
peptides. typically a biocompatible gel or adsorbent pad

material which conforms readily to the skin
1 .1. Benefits surface and electrode component of the patch.

The pH of the reservoir is chosen to optimize
Iontophoretic therapy will allow for the rapid the iontophoretic delivery and is adjusted to be

onset /offset of drug action whereby the drug action tolerable to the skin, i.e. in the pH range 4–8. If
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Fig. 1. Simplified representation of the components of a transdermal iontophoretic patch.

the drug has a positive charge under these The drug should be storable in dry or liquid form
conditions it is placed at the positive pole in the patch and should be stable. It should have
(anode) of the patch. Negatively charged pep- adequate aqueous solubility for delivery. It should be
tides are formulated within the negative elec- charged and the isoelectric point should be in the
trode (cathode). range of smaller than 4 or greater than 7.4. The

2. The return reservoir is typically a saline or expected potency of the iontophoretic device is to
buffer formulation of a suitable pH value which deliver:
acts to complete the electronic circuit.

3. The electronic controller contains the battery 20–50 mg drug/day of a molecular weight of
and programmable microcomputer which pro- 300 Da,
vide the driving force and control for the 2–5 mg drug/day of a molecular weight of
iontophoretic drug delivery. This more expen- 1000 Da, and
sive component of the patch can be easily 100mg drug/day of a molecular weight of 5000
removed after each use and be reused or re- Da [1].
charged several times whereas the patches are
disposable [1]. 1 .4. Basic facts about iontophoretic fluxes

1 .3. Requirements for drug candidates The overall iontophoretic flux of a drug is com-
posed of

The desirable features of a drug candidate should
be as follows. J 5 J 1 J 1 J .total passive electric convective
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The passive flux of a hydrophilic drug in transder- validated for the in vitro determination of drug flux
mal drug delivery can normally be neglected. The through the skin [6–8]. In all of these studies the
electric current-driven skin permeation flux (elec- drug flux is directly derived from the drug con-
trorepulsion) can be derived from Faraday’s law, centration of the collected samples.
where the mass of drug delivered across the skin is Under non-steady state conditions, the actual flux
proportional to the applied current and the duration through the membrane may deviate significantly
of current application. Furthermore, it is dependent from the derived flux from the acceptor volume
on the molecular weight of the drug, its molecular concentration, depending on experimental set-up and
charge and the current efficiency. In many cases the cell design. In this case it may be necessary to derive
amount of drug transported across the skin is directly an equation that describes the flux versus time profile
dependent on the applied current density (preferen- in order to calculate the actual flux. Recently the

22tially 250–500mA cm ). effects of experimental parameters on the passive
The passage of electrical current through the skin flux of permeants through one or more membranes

during iontophoresis has been shown to be accom- were assessed by several investigators [9,10] and in
panied by a convective flux of water from anode to one case a transfer function, based on diffusion
cathode. This is known as electroosmosis and is theory, was derived [11]. Experimental variables
likely to be responsible for the in vitro facilitated such as tube volume, acceptor volume, sampling
transdermal delivery of a number of small hydro- interval and flow-rate were shown to directly affect
philic neutral molecules such as sugars. In addition, the absolute value of the apparent flux and may be
electroosmosis has been reported to be responsible significantly different from the intrinsic flux through
for the extraction of glucose from the skin of human the skin. The deviation from this intrinsic flux
volunteers during ‘reverse’ iontophoresis. Briefly, depends on the absolute value of each variable.
electroosmosis arises because at physiological con- In order to prevent these problems, cells with a
ditions the skin has a net negative charge (above small acceptor volume, a small tube volume and a
|pH 4) due to its predominance of acidic car- high flow-rate can be used. The deviations of the
boxylate groups. During the passage of electrical apparent flux from the intrinsic flux are minimal in
current highly mobile positively charged ions such as this case. Flow-through cell designs with an ultra-
sodium are driven from the anode (positive pole) to small acceptor volume have been developed for the
the cathode (negative pole) reservoir. At the same characterisation of passive diffusion through mem-
time, but in the opposite direction, highly mobile branes [12,13]. Due to their geometric configuration
negatively charged ions are repelled from the these cells are not suitable for iontophoretic proto-
cathode to the anode. The efficiency of delivery cols.
across the skin for positively charged ions is greater A ‘three chamber in-line’ diffusion cell with a
than for similar size negative ones due to the large static acceptor chamber was first presented by
negative charge of the skin (Donnan exclusion Bellantone et al. [14]. In our group a new transport
principle) [1]. cell was developed. This cell design allows for a

minimisation of the acceptor volume and therefore
an increased flow-rate to volume ratio is obtained.

2 . Development of an iontophoretic continuous Furthermore, since a separate piece of skin is used
flow-through transport cell on each side of the acceptor chamber openings,

lateral transport of the donor formulation is pre-
Transport cells that are used to study transdermal vented [15].

iontophoretic transport in vitro are usually modified
Franz flow-through diffusion cells or modified static 2 .1. Design of the diffusion cell
diffusion cells [2–5]. Flow-through cells have the
advantage that the experimental set-up may be A schematic drawing of the basic design is given
automated, allowing for a rapid accumulation of in Fig. 2. The miniaturization of the volume is
diffusion data. These cells have been extensively limited by the requirement of temperature control
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Fig. 2. Schematic (lower) and spacial (upper) drawing of the three-chamber continuous flow-through transport cell. The two outer chambers
have a volume of 2 ml and contain the electrodes. They are continuously stirred. The acceptor volume (V ) is 0.5 ml. The exposed surfaceacc

2 21area for transport is 0.64 cm (d 59 mm). With a flow-rate of 6.5 ml h , the lag time due to the system geometry was calculated to be 15
min.

and the in- and out-flow tubes of this chamber. The 2 .2. Diffusion cell procedures
outflow is connected to the highest tube to prevent
accumulation of air in the acceptor chamber. The The stratum corneum (f 14 mm) was hydrated for
resulting acceptor volume is 0.54 ml. 2 h by floating the dermal side on PBS. A dialysis

The circular diffusion areas with a diameter of 9 membrane was used as a support membrane (boiled
2mm (0.64 cm ) are positioned perpendicular to the for 30 min in doubly distilled water prior to use).

in- and out-flow openings. The two outer chambers Dermatomed skin (f 16 mm) was used and sup-
contain vertical openings on the top side for the ported by a piece of Whatman paper of the same
electrodes and a downward protruding volume close diameter. One membrane was then clamped between
to the diffusion surface for stirring. The volume of each outer chamber and the middle chamber. The
both the outer chambers is 2 ml. Cells and mem- two skin membranes separate the outer electrode
branes (supporting membranes and human stratum chambers from the middle acceptor chamber, facing
corneum sheets) are held together by a perspex the electrodes with their anatomical surfaces. To
clamp. The cells were custom made by the Glass mimic physiological circumstances the acceptor
Technical Department of the Gorlaeus Laboratories chamber, but not the two outer chambers, could be
of Leiden University [16]. thermostated at 378C by a surrounding socket. The
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flux experiments were conducted at room tempera- current source was custom made at the electronics
ture. After assembling the system, the acceptor department of the Gorlaeus Laboratories.
chamber was flushed for 30 min. PBS was used as Typically, current was applied for 5 or 6 h.

21acceptor fluid (flow-rate: 6.5 ml h ) and in the Resistance was measured during current application
21cathodal chamber. To maintain viability 1 g l at 30- or 60-s intervals. In some cases, samples were

glucose was added to the PBS in the dermatomed collected after termination of the current to analyze
skin experiments. In all experiments the donor passive transport.
chamber contained a citrate-buffered apomorphine Protocol I: passive flux of apomorphine through

21hydrochloride solution (NaCl 8.18 g l , 5 mM human stratum corneum at a 15 mM donor con-
citrate buffer: citric acid /Na -citrate50.62/0.63, centration, pH 5 at 208C.3

210.37/0.96, 0.12/1.30 g l for pH 4, 5, 6, respective- Protocol II: 5 h of iontophoretic delivery at 500
22ly). mA cm followed by 3 h of passive delivery.

Protocol III: relationship between the applied
current density and the steady state flux of apomor-

2 .3. Iontophoretic protocols phine through human stratum corneum at 15 mM
donor concentration, pH 4 at 208C.

A silver plate electrode was used in the anodal
compartment and a silver /silver chloride electrode 2 .4. Flux experiments
was used in the cathodal compartment. The elec-
trodes were connected to a 9-channel computer- Fig. 3 shows that no appreciable amount of
controlled current source that was able to deliver apomorphine was delivered by passive diffusion
both constant-pulsed current of variable frequency when protocol I was applied. The application of an
and duty cycle. The system was equipped with two iontophoretic current according to protocol II greatly
differential input channels per current source chan- enhanced the delivery of apomorphine across human
nel, enabling on-line resistance measurements of the stratum corneum to a steady-state flux of 9066 nmol

22 21individual membranes of each transport cell. The cm h (Fig. 3). A steady-state flux was attained
maximum voltage for each channel was 40 V. The in|3 h, corresponding with a lag time of 40 min.

Reversibility of the enhanced membrane permeabili-
ty to the ‘normal’ state was tested by measuring the
passive drug flux after switching off the current
following the 5-h period of iontophoretic transport at

22the highest current density applied (500mA cm ).
In a period of only 3 h, the flux had decreased
exponentially to a value|1/20th the steady-state
iontophoretic flux. This value was still elevated
significantly compared to the passive flux of apomor-
phine. In a control experiment, stratum corneum was
exposed to the same anodal current density for 5 h
without the co-application of apomorphine. There-
after, passive diffusion of apomorphine was studied
for several hours. A significantly enhanced passive
diffusion was observed due to current treatment

Fig. 3. Iontophoretic and passive flux versus time profile of alone.
apomorphine through human stratum corneum at a 15 mM donor The relationship between current density and
concentration, pH 5 at 208C. (1) Five hours of iontophoretic steady-state flux was determined at a 15 mM donor22delivery at 500mA cm followed by 3 h of passive delivery (♦ ),

22 concentration at pH 4. As shown in protocol III the(2) passive flux after 5 h of current pretreatment (500mA cm )
22current density range 0 to 500mA cm was studied.without apomorphine (j), (3) passive flux through non-pretreated

2
skin (d). A linear relationship (r 50.98) between current
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1. Chemical flux enhancement by use of single
penetration enhancers of suitable physico-
chemical properties and devoid of incom-
patibilities with the physical iontophoretic flux
increase.

2. Chemical flux enhancement by use of elastic
liquid-state vesicles.

Compounds that enhance the percutaneous pene-
tration of a drug by modification of the barrier (e.g.
the stratum corneum) have been applied widely in
passive transdermal studies [18]. Neutral, anionic
and cationic enhancers have been used for flux
enhancement. The applicability of these compounds

Fig. 4. Relationship between the applied current density and the in humans is mainly limited by the level of local skin
steady state flux of apomorphine through human stratum corneum

irritation that they evoke. Skin irritation generallyat a 15 mM donor concentration, pH 4 at 208C (current density
22 depends on the charge of the enhancer, but depend-range is 100–500mA cm ).

ing on their specific structure, wide variability in
skin irritating properties has been observed [19].

density and steady state flux was found (Fig. 4). For Many investigators have studied the relationship
all current densities tested, the time to reach a between the structure of the enhancer and the
steady-state flux was less than 2 h. A detailed review enhancement properties. A number of these studies
of the physicochemical parameters on the in vitro indicate that the enhancement depends on the carbon
iontophoretic delivery of apomorphine has recently chain structure of the enhancer [19,20]. Maximal
been published by Li et al. [17]. From these in vitro enhancement is generally attained for enhancers with
results some calculations can be done in order to a carbon chain length range of 10–14. This optimal
estimate the patch size needed for a successful in range was found for anionic, cationic and neutral
vivo iontophoretic treatment of Parkinson patients. enhancers [21].

The therapeutic infusion rate for a population
21EC and EC is 1.4 and 2.4 mg h , respectively. 3 .1. Chemical flux enhancement by single50 90

The maximum iontophoretic flux so far obtained is penetration enhancers
21 22about 100 nmol h cm . The total patch area

needed for successful therapeutic dosing would then Little is known about the mechanism of interaction
2 2be 50 cm and 88 cm , respectively, which may be of chemical and iontophoretic treatment of the skin.

too big for rational therapeutic use. As a result of Apparently contradicting reports are known on the
this, further improvement of the iontophoretic flux enhancing potential of this combinatorial delivery
across human stratum corneum has to be achieved in strategy. In some studies additional enhancement of
order to obtain therapeutic apomorphine levels based the iontophoretic flux is observed [22,23], but in
on a reasonable size of the patches. other cases no further enhancement was obtained

[24,25]. Depending on their chemical structure,
enhancers can have a significant effect on post-
iontophoretic skin impedance [26].

3 . Chemical enhancers for increased Therefore, it was interesting to investigate the
iontophoretic flux effect of potential enhancers on the transdermal

transport of apomorphine and to determine the
In order to increase the iontophoretic transdermal enhancement mechanism of this enhancer in combi-

flux of apomorphine, two approaches of chemical nation with iontophoresis. Three compounds with
flux enhancement have been investigated. equal length carbon chains but different charges on
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the headgroup were selected: dodecyltrimethyl- The steady state fluxes for all pretreatments and
ammonium bromide (DTAB), lauric acid (LA) and delivery intervals are given in Fig. 6. All calculated
trioxyethylenedodecyl ether (C EO ) in comparison values are the average of the data obtained from 6 to12 3

to propylene glycol (PG) which was used as solvent 8 transport cells. Pretreatment with LA resulted in a
for the three surfactants. Careful consideration was slight increase of the iontophoretic steady state flux

22 21given to the effect on the barrier properties of the (11966 nmol cm h ) compared to PG-pretreated
skin as a result of this combined enhancement stratum corneum: EF51.13. DTAB pretreatment
strategy. Pretreatment with C EO resulted in the resulted in a slight inhibition (steady state flux512 3

22 21highest iontophoretic steady state flux of apomor- 83614 nmol cm h ) of iontophoretic transport:
22 21phine (244634 nmol cm h ) which is shown in EF50.78. These steady state fluxes are significantly

Fig. 5. An enhancement factor (EF) of 61 compared different from each other (P,0.05). An enhance-
to the pre-iontophoretic passive flux was found. For ment factor of 2.3 was found for C EO pretreat-12 3

PG pretreatment, an absolute steady state ion- ment.
22 21tophoretic flux of 106613 nmol cm h and an The rank order of the lag times during ion-

enhancement factor of 28 compared to pre-ion- tophoretic delivery is inversely related to the steady
tophoretic passive delivery was obtained. Compar- state fluxes that were achieved. No lag time was
able flux versus time profiles were obtained for all observed for the highest iontophoretic flux that was
four pretreatments of human stratum corneum: (I) measured, after C EO pretreatment. Similar lag12 3

steady state fluxes were achieved and maintained times for iontophoretic delivery were observed after
within all three delivery intervals (pre-iontophoretic, PG and LA pretreatment (65 min) and the longest
iontophoretic and post-iontophoretic) in which the lag time (655 min) was found for the lowest
flux was measured. (II) Application of current to iontophoretic flux: after DTAB pretreatment.
human stratum corneum resulted in a significant
increase of the transdermal transport compared to 3 .2. Chemical flux enhancement by elastic liquid-
pre-iontophoretic passive delivery. (III) All fluxes state vesicles [27]
rapidly declined during the post-iontophoretic pas-
sive delivery interval. The post-iontophoretic steady In the second approach, the elastic vesicle suspen-
state flux was comparable to the pre-iontophoretic sion was prepared by a modification of the sonication
steady state flux of non-iontophoresed stratum cor- method described by Baillie et al. [28]. Briefly, the
neum. PEG-8-L, sucrose-ester L595, and cholesterol sulfate

Fig. 5. Flux versus time profile of pre-iontophoretic passive, iontophoretic, and post-iontophoretic passive delivery of apomorphine. Stratum
22corneum was pretreated with 0.15 M C EO in PG for 24 h. Thereafter 15 mM apomorphine was applied. A 0.5 mA cm anodal current12 3

was applied for 9 h, starting att56 h.
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Fig. 6. Calculated enhancement factors for the delivery of apomorphine through human stratum corneum. The level of enhancement
following pretreatment with LA, DTAB and C EO was compared to the PG control treatment per time interval (pre-iontophoretic,12 3

iontophoretic and post-iontophoretic).

were solubilized in chloroform/methanol (3:1 v/v). Fig. 7 shows the permeation profiles of apomorphine
The solvent was evaporated overnight in a vacuum across human stratum corneum treated with either
centrifuge, and the remaining surfactant film was elastic vesicle suspension of PBS during 6 h passive
hydrated with phosphate buffered saline (PBS). The diffusion, 9 h iontophoresis diffusion and 5 h post-
final formulation contained 5% (w/w) of total lipids. iontophoresis diffusion. As illustrated in Fig. 7,

during 6 h pre-iontophoresis passive diffusion, the
amount of apomorphine in the receptor chamber was
below the detection limit. After switching on the
current, the apomorphine flux was dramatically
increased and reached steady state within a short
period. Following switching off of the current the
flux decreased to a final post-iontophoretic plateau.
Table 1 summarizes the calculated steady-state flux-
es, enhancement ratios, and lag time during 9-h
iontophoresis and 5-h post-iontophoresis passive
fluxes [27]. No degradation products and metabolites
of apomorphine were present in either the donor or
the acceptor phase. Compared with the control
(PBS), the iontophoretic transport of apomorphine
was substantially enhanced by a factor of about 1.4
(P,0.01) following the treatment with the elastic
vesicle suspension in both cases of diffusion through
stratum corneum and human epidermis, whereas the
corresponding lag time of iontophoresis and post-
iontophoresis passive fluxes remained almost un-

Fig. 7. Permeation profile of apomorphine across human stratum
changed. Because vesicle pretreatment did not en-corneum during 6 h passive diffusion, 9 h iontophoresis at current

22 hance the apomorphine passive transport prior todensity of 500mA cm , and 5 h post-iontophoresis passive
diffusion. (j) Control; (�) pretreatment with elastic vesicle. iontophoresis, a synergistic effect was observed after
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Table 1
Effect of elastic vesicle of PEG-8-L/L595/CSO , on iontophoretic delivery of apomorphine through human stratum corneum and epidermis4

Skin type Iontophoretic Lag time Enhancement Post Replicates
steady-state (min) ratio iontophoretic
flux passive flux

22 21 22 21(nmol cm h ) (nmol cm h )

SC Vesicle treated 123.8612.4* 51 1.35 7.960.7 5
Control 91.9616.0 48 8.261.7 16

Epidermis Vesicle treated 100.768.3* 151 1.48 45.468.9 7
Control 67.968.2 161 37.269.1 6

*Indicates statistically significant (P,0.01) than the respective PBS control.

combining elastic vesicle pretreatment with ion- brain by the amino acid transporter and decarboxyl-
tophoresis [27]. ated to dopamine in the striatal tissue. Since about

From these results, it can be concluded that PEG- 95% of the orally administered dose is rapidly
8-L elastic vesicle treatment in combination with decarboxylated in the periphery, large quantities
iontophoresis provides an additional driving force to must be frequently administered. Current administra-
maintain and control the target flux of apomorphine. tion of the peripheral decarboxylase inhibitor car-
However, the mechanism of this effect remains a bidopa, results in higher plasma levels and a longer
subject that warrants further investigation. In the half life of levodopa [33]. Thus the dosage of
literature [29,30], several mechanisms are proposed levodopa can be largely reduced and peripheral side
for the synergistic effect of iontophoresis and chemi- effects diminished. Current interest has turned to the
cal enhancers, such as reduced skin impedance, development of a triple therapy, by addition of a
increased enhancer deposition, and reduced size catechol-O-methyl transferase (COMT) inhibitor to
selectivity. the regimen. COMT inhibitors potentially have a

threefold effect: (1) they prevent the degradation of
levodopa to 3-O-methyldopa (3-OMD); (2) they

4 . Pharmacotherapeutic strategies for the enhance blood–brain barrier transport by reducing
treatment of Parkinson’s disease the concentration of 3-OMD that competes for the

same transport mechanism; (3) they inhibit degra-
Early studies in the 1950s and 1960s established dation of dopamine to 3-methoxytyramine [34].

that Parkinson’s disease originates from a deficiency After administration of the peripheral and central
in the dopaminergic innervation of the basal ganglia COMT inhibitor tolcapone, a dose-dependent in-
owing to the degeneration of neurons in the sub- crease in AUC and a longer terminal half-life of
stantia nigra [31]. The disease affects|1% of all levodopa and markedly reduced plasma levels of
adults over the age of 65 worldwide, but frequently 3-OMD were found in elderly patients [35].
the clinical symptoms appear at a much earlier age. Chronic levodopa therapy often fails as a result of
The clinical syndrome comprises four cardinal fea- two interfering complications [36]: (1) the emer-
tures: bradykinesia, akinesia, muscular rigidity, rest- gence of increasingly severe dyskinesias and re-
ing tremor and abnormalities of posture and gait sponse fluctuations, and (2) the appearance of in-
[32]. creasingly severe cognitive impairment and psycho-

Current therapeutic strategies aim at restoring the sis, often with postural instability and falls, which
balance between dopaminergic and cholinergic neu- are particularly prevalent in the more elderly.
rotransmission. Dopaminergic drugs have shown the Peripheral and central pharmacokinetic, and central
best results and are therefore the preferred drug pharmacodynamic mechanisms may contribute to
therapy. Since dopamine is not transported across the dyskinesias and response fluctuations. Levodopa is
blood–brain barrier, most commonly its metabolic taken up in the small intestine and transported
precursor levodopa is used. It is transported into the through the blood–brain barrier by the large neutral
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amino acid transporter. Thus high levels of amino refractory ‘on–off’ oscillations was found to be
acids, for instance after a meal, may interfere with highly improved compared to levodopa [40]. Among
uptake from the gastro-intestinal tract and with the side effects that are known to occur, nausea and
transport across the blood–brain barrier [37]. vomiting are most frequently reported. Domperidone,
Levodopa is widely distributed into extracerebral a peripheral antagonist, is able to counteract these
tissues, including the muscle sink. As a result of this, effects. When the drug is chronically administered,
exercise can influence drug levels in plasma and the some of the adverse effects are known to wane [41].
brain [38]. When the steady flow of dopamine from
the nigrostriatal system gradually disappears when
the disease progresses, the concentration profiles of4 .1. Currently used drug delivery routes
dopamine in the central nervous system are increas-
ingly determined by the fluctuating blood levels of All currently used dopaminergic drugs, except for
orally administered levodopa. In addition, changes in apomorphine, are dosed orally. Oral administration
the dopamine receptor response and deleterious results in fluctuating plasma levels of the drug and
effects of pulsatile dopamine delivery, are also likely for drugs with a low bioavailability, high variability
to contribute to the observed dyskinesias and re- in the amount absorbed is observed. The rate of
sponse fluctuations [39]. Due to these complexities, absorption can furthermore be influenced by food
interest has turned in recent years to the development intake, disease state, varying pH and the site of
of directly acting dopamine agonists. Pergolide, absorption [42]. As it is known that many problems
bromocriptine, lisuride and apomorphine have been associated with the treatment of Parkinson’s disease
used in the clinic, of which apomorphine is the most originate from fluctuating and variable plasma con-
effective one. The close structural relationship be- centrations it can be anticipated that current drug
tween dopamine, levodopa and apomorphine is therapy in Parkinson’s disease is only sub-optimal.
shown in Fig. 8. This is attributed to the fact that it is Especially when on/off fluctuations start to occur,
both a partial D receptor agonist and a full D individual dose titration becomes a difficult task.1 2

receptor agonist. The efficiency of counteracting Moreover, dysphagia is known to occur when Par-

Fig. 8. Chemical structures of apomorphine, dopamine and levodopa.
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kinson’s disease progresses. These phenomena make dose of apomorphine and can be reduced by diluting
the oral route highly unfavourable. the infused formulations.

Drug delivery strategies that aim to achieve long Alternatively, nasal, sublingual and rectal delivery
lasting and less fluctuating drug levels may have have been tested by various investigators [46–51].
some potential therapeutic advantages [43]: (1) For these routes of administration, the surface areas
minimization of peak levels and thereby reduction of have shown to be sufficiently permeable to apomor-
side effects; (2) extended and predictable duration of phine to allow therapeutically relevant input rates
drug release and thereby extended and more predict- into the systemic circulation. Pharmacological re-
able duration of action; (3) reduction of the incon- sponses were comparable in magnitude and onset
venience of repetitive dosing and thereby enhance- time to subcutaneous administration of apomorphine.
ment of patient compliance. The advantages of These delivery routes can be used for short to
continuous infusion were established for levodopa in medium duration delivery depending on the prop-
the late 1980s. Mouradian et al. [44] showed that erties of the specific dosage form. However, other
conversion from the oral to the intravenous route factors have inhibited their use on a routine basis.
resulted in sustained stable plasma concentrations. For sublingual administration, systemic side effects
As a result of this, a gradual reduction of motor occurred more frequently and inconsistency of disso-
fluctuations was observed. At present, intravenous lution and unpleasant taste were noted [46]. In a
infusion is only used in the clinic, for acute or follow-up study, 50% of the patients developed
short-term dosing. Due to the optimal control of the stomatitis [47]. No local toxicity was observed
input rate, it is the preferred method for investigating following rectal administration [49]. The limited
PK/PD relationships. Kurlan et al. [45] showed that acceptability of this route will probably limit its
sustained stable plasma concentrations could also be widespread use. A reduction of systemic side effects
achieved by continuous duodenal infusion of was observed upon nasal administration [50]. Pro-
levodopa. They also demonstrated an improved longed use resulted in moderate to severe nasal
mobility of the treated patients. However, for the irritation in all patients [51]. Apart from the prob-
long-term treatment of Parkinson’s disease on an lems related to the specific transport route, fluctuat-
out-patient basis, these delivery strategies are not ing plasma levels are expected to result in sub-
preferred due to the inherent risk of bleeding and optimal therapy for similar reasons as previously
inflammation and/or the overall tolerability to the discussed for levodopa. Other delivery strategies for
system. These studies have nonetheless initiated the drug used in the treatment of Parkinson’s disease,
search for oral controlled release formulations. The that have not been tested in patients so far are:
search for a suitable drug delivery system has been pulmonary, ocular and buccal delivery and implants.
most intense for apomorphine, since it was estab- For pulmonary and ocular delivery similar concerns
lished early on, that the oral bioavailability of this with respect to side effects and fluctuating drug
drug is negligible. Continuous subcutaneous infusion levels, as previously discussed for the delivery of
and intermittent subcutaneous injections are the levodopa and apomorphine, are to be expected. The
currently used therapy and can be used on an out- buccal route has received increased attention of
patient basis. Frankel et al. [41] reported, for the first researchers over the last decade. New buccal drug
time, the effects of long-term treatments in large delivery systems have been developed which can be
groups of patients. The onset time of the effect was used for both short, intermediate and long duration
reported to be,10 min. Despite the observed dosing. This route of administration bears in it all the
beneficial effects, visual hallucinations and confusion advantages of the sublingual route, but the precision
occurred in three out of 21 patients on continuous of delivery is increased, due to the fact that the
infusion. In one patient the hallucinations disap- exposed membrane area and its environment are
peared on dose reduction. Continuous subcutaneous better defined. Moreover, the release rate can be
infusions invariably result in the development of controlled by the use of release controlling mem-
subcutaneous nodules at the injection sites. The branes in the dosage form. Bioavailability can be
severity of these nodules is related to the total daily improved by the co-application of absorption en-
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hancers [52]. Application may be limited due to the concentrations in blood or plasma; (2) a pharmaco-
available surface area and the early need for repeated dynamic model, characterizing the relationship be-
application during chronic treatment. Implants may tween drug concentration and pharmacological re-
have the advantage that the input profile of a drug sponse intensity; and (3) often a link model which
can be zero, preprogrammed or externally controlled. serves to account for the delay of the effect relative
The bioavailability is potentially high. This may to the plasma concentration [55]. More recently,
(depending on the drug applied) compensate for the emphasis has been given to the development of
higher production and implantation costs of these models for drugs with an indirect mechanism of
systems. Intra-cerebroventricular delivery of apomor- action, where the delay between drug concentration
phine from an implanted minipump was reported in a and effect is largely determined by the processes in
primate model (MPTP-treated monkeys). Motor ac- the pharmacodynamic phase, rather than by slow
tivity improved on some occasions, however severe distribution to the site of action [56]. The models for
local brain toxicity was observed [53]. drugs with direct and indirect mechanisms of action

Taking all these delivery systems and delivery are complementary, and have been applied success-
routes into account, the advantages of transdermal fully to the effects of a large number of drugs [57].
application of apomorphine by means of ion-
tophoresis without any doubt justify the development 5 .1. Concentration–effect relationship [56]
of this application route.

Another already mentioned advantage of ion- Characterization of the concentration–effect rela-
tophoresis with respect to other delivery systems is tionship is a central issue in integrated phar-
its potential to deliver the drug apomorphine ‘on- macokinetic–pharmacodynamic investigations. Typi-
demand’ not only by measuring blood levels (phar- cally in this kind of study, a single intravenous dose
macokinetics, PK) but especially by the possibility to of a drug is administered and the time course of the
measure its pharmacodynamic (PD) action and to pharmacological response is determined in conjunc-
directly correlate it to the disease parameters. Hence tion with the time course in concentration in plasma.
the establishment of a PK/PD relationship is of great By linking the effects to the concentration, con-
value for optimized and individualized apomorphine centration–effect relationships are obtained in in-
therapy. dividual patients. In the case of apomorphine, how-

ever, the application of this approach is complicated
by its elimination half-life. As a result, the plasma

5 . Pharmacokinetic–pharmacodynamic studies concentrations following an intravenous bolus ad-
on apomorphine ministration change rapidly, thereby not allowing

sufficient time for a meaningful quantification of the
At present pharmacokinetic considerations still pharmacological response intensity. In order to over-

play an important role in developing dosing regimens come this problem, a stepwise intravenous infusion
of new drugs. Important progress has been made, protocol was developed, which results in multiple
however, with a more comprehensive approach relatively stable plasma concentrations within each
based on modelling of the relationship between individual patient. According to this protocol the
pharmacokinetics and pharmacodynamics [54]. Such pharmacokinetic–pharmacodynamic correlation of
modelling allows for the characterization and the apomorphine was studied in 10 patients with
prediction of the time course of drug action rather idiopathic Parkinson’s disease. In these studies in-
than concentration and provides a scientific basis for travenous infusion of apomorphine was started at a

21 21development of the dosing regimen. Initial phar- rate of 10mg kg h , and increased every 20 min
21 21macokinetic–pharmacodynamic models focused on by 10mg kg h , until the maximum tolerated

21 21the characterization of rapidly reversible direct drug infusion rate or the infusion rate of 100mg kg h
effects. These models typically consist of three was reached. Thereafter the infusion rate was de-

21 21components: (1) a pharmacokinetic model charac- creased every 20 min by 10mg kg h until
terizing the time course of drug (and metabolite) baseline. At the end of each infusion interval a blood
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sample was obtained for determination of the con- served with respect to the minimal concentrations for
centration of apomorphine and the pharmacological each of the effects. Of the 10 patients, eight re-
effect was measured. The primary effect parameters sponded to apomorphine and two were non-respon-
were tapping score and tremor assessment. To de- ders. In the responders the values of the minimally
termine the tapping score, the patient had to tap two effective concentration (MEC) varied between 1.4

21buttons, with a distance of 30 cm over 30 s, with the and 10.7 ng ml , whereas the concentration at
right hand as well as the left hand at maximal speed. which dyskinesia was observed (MDC) varied be-

21Fig. 9 shows the time course of the plasma tween 2.7 and 20.0 ng ml . The minimal toxic
21concentration of apomorphine and of the effect on concentration varied between 8.5 and 24.5 ng ml .

the tapping score in a representative patient. When Between patients there is a wide variability in the
the plasma concentration increases gradually beyond therapeutic window (5the difference between the
the minimally effective concentration, a sharp in- MEC on one hand and the MDC on the other) of
crease in the effect to its maximum value is ob- apomorphine, which is typically quite narrow. The
served. This maximum effect is maintained until, wide interindividual variability in both phar-
with a decrease in the infusion rate, the concentration macokinetics and pharmacodynamics, in combina-
drops to subtherapeutic values and the effect returns tion with the narrow therapeutic window in many
to baseline. Within each individual patient the con- patients underlines the need of individualized and
centrations at onset of effect were generally quite carefully controlled delivery of apomorphine in the
similar. Upon examination of the concentration–ef- management of Parkinson’s disease.
fect relationships it appeared that the effect was
quantal rather than continuous. Therefore the phar-
macodynamics were parameterized in terms of mini- 6 . Iontophoretic delivery of apomorphine to
mal effective concentration (MEC) at the onset of Parkinson patients [56]
the beneficial effect (25% tap score increase), the
minimal dyskinesia concentration (MDC) as the In order to determine the feasibility of transdermal
onset concentration of the increase in dyskinesia and iontophoresis of apomorphine in vivo, a study was
finally, the minimal toxic concentration (MTC) as conducted in 10 patients with idiopathic Parkinson’s
the onset concentration of the adverse effects disease. According to a randomized cross-over de-
(nausea, vomiting, sleepiness, dizziness, hypoten- sign the patients received apomorphine by transder-
sion). Between patients wide differences were ob- mal iontophoresis at a current density of either 250

22or 375mA cm over 1 h on one occasion.
21At another occasion 30mg kg were adminis-

tered intravenously over 15 min. In none of the
patients was significant passive transdermal transport
of apomorphine observed. Upon current application,
increasing plasma concentrations were observed in
all patients. The observed maximum concentrations
were directly related to the applied current density:

21 221.360.6 ng ml at 250mA cm and 2.560.7 ng
21 22ml at 375 mA cm . When the current was

switched off all concentrations returned to baseline
values in |90 min (Fig. 10). The calculated in-
dividual transdermal transport rates of apomorphine
at an applied current are depicted in Fig. 11. These
results show that also in the in vivo situation the

Fig. 9. The concentration–time profile following a stepwise
transdermal transport rate of apomorphine is de-intravenous infusion with apomorphine (lefty-axis), combined
termined by the applied current density. By mathe-with the clinical effect score (number of taps/30 s) of both the left

and the right arm of one individual patient (righty-axis). matical deconvolution it was demonstrated that the
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7 . Skin barrier integrity and skin irritation
after iontophoresis [58]

Electric fields may affect the skin at three levels:
(a) at the level of the stratum corneum barrier, e.g.
through a modification of the lipid structure; (b) in
the viable epidermis, e.g. through direct interaction
with the epidermal keratinocytes; (c) in the dermis,
where vascular events may take place [59]. Each of
these types of interaction may develop into an irritant
response.

One of the parameters which largely reflects the
electrical properties of the skin and has been used as

Fig. 10. Average plasma concentration–time profiles of apomor- a marker of changes induced at the level of the
phine upon transdermal iontophoretic delivery at current densities stratum corneum, is its electrical resistance. When22 22of 250mA cm (s) (n54) and 375mA cm (d) (n55) for 1

skin is exposed in-vitro to current for a longer periodh, starting att560 min. Steady state plasma concentrations were
of time, a drop in its electrical resistance is usuallypredicted by fitting the plasma concentration–time profiles be-

tween 60 and 120 min. observed. Only in skin samples that are exposed to
currents in the low microamperic range, the resist-
ance fully recovers. Partial recovery of the electrical
resistance is found after 5–10 h following current
exposure of a few hundred microamperes. Irrevers-
ible resistance changes take place when applying
currents higher than that [60].

With regard to electrically-induced effects on skin
barrier properties and on the viable strata of the skin,
only limited quantitative data are available [61,62].
The scarce literature available on this subject is
usually limited to occasional burn reports, qualitative
pain scores and erythema scores. Furthermore, it has
been reported that the irritation potential of an
electric current is not only dependent on the current

Fig. 11. Calculated individual transdermal transport rates of strength but also on the current profile: claims have
22apomorphine at an applied current density of 375mA cm for 1 been made that pulsed depolarized current wave

h. Mathematical deconvolution (Loo–Riegelman method) was
forms are less irritating to the skin than the compar-applied on the plasma concentration–time profiles, using the
able constant current levels [63].individual pharmacokinetic parameters.

To assess possible local skin irritation and toxicity
it is a prerequisite to also monitor electrically-in-

steady-state transdermal flux values are reached duced skin barrier modulation and skin irritancy in
within 1 h of current application. The values of the humans by comparing two different current profiles:

22 21steady-state flux were 69630 nmol cm h at 250 constant DC and pulsed DC.
22 22 21

mA cm and 114634 nmol cm h at 375mA Transepidermal water loss (TEWL) was measured
22cm , indicating that variation in the applied current as a marker of skin barrier integrity [64,65]. Changes

density may be used to control the delivery. The in TEWL have frequently and successfully been used
delivery of apomorphine at the aforementioned rates to monitor stratum corneum barrier modulation by
results in steady-state plasma concentrations of|3– skin irritants [66]. Laser Doppler flowmetry (LDF)

214.5 ng ml which is at the lower end of the was used to quantify the erythematous response
therapeutic concentration range. following current application. The study was de-



S72 H.E. Junginger / Advanced Drug Delivery Reviews 54 Suppl. 1 (2002)S57–S75

signed in such a way that both the initial response all sites on which application chambers had been
after the current had been switched off, and the applied. The average TEWL values (n59), for the
time-dependent relaxation of these parameters to immediate response, calculated for nine volunteers
normal values, could be assessed. are given in Fig. 12. Subjecting the skin sites to

Five male and four female healthy volunteers current, either positive or negative, did not result in
(average age 22 years, range 19–25) not associated significantly higher values than the occlusion of the
with a history of skin disorders enrolled in a study. control sites.
Both arms were kept out of contact with excessive Average LSF data (n19) for the immediate
sun and creams for 3 days and with detergents for 1 response are given in Fig. 13. Both protocols and
day prior to the experiment. On all treated sites and both anodal and cathodal currents resulted in a
occluded controls, TEWL returned to baseline in significantly higher erythematous response than the
about 30 min. This is the time usually needed for occluded and the untreated controls. No difference in
occluded skin sites to return to normal values. response depending on the current protocol was
Irrespective of whether current was applied or not, found. The variability in LDF values measured
the relaxation profile followed identical patterns for directly after chamber removal and drying at the sites

Fig. 12. Average TEWL values measured directly after patch removal. *Indicates that anodal, cathodal and passive TEWL values were
significantly higher than the control values (n59, mean6S.D.).

Fig. 13. Average LDF values measured directly after patch removal. *Indicates that anodal values were significantly higher than cathodal
ones, **indicates that anodal and cathodal values were significantly higher than passive and control values (n59, mean6S.D.).
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exposed to cathodal currents was higher that at the very first closed-loop system monitoring not phar-
site exposed to anodal currents. This difference was macokinetic data (blood levels) but more importantly
not associated with a gender-related differential the pharmacodynamic effects of Parkinson’s disease.
response at the cathodal sites. All LDF values This scenario is the more feasible as skin irritation
correlated with the visual erythema scores. Upon and toxicity studies have proven that iontophoresis is
removal of the transdermal iontophoretic patch, mild a safe route of treatment.
transient erythema was observed which was reflected In more general terms, the future perspectives of
in evaluated LDF values. No local adverse effects iontophoresis are the miniaturization of the devices,
such as prolonged inflammation and green colouring reducing the costs of the treatment by producing
(which is typically seen upon subcutaneous apomor- disposable drug-containing patches, developing high
phine administration) were observed. These findings energy batteries for the microcomputer to be used as
indicate that the transdermal delivery of apomor- hardware. Also the design of a suitable charged drug
phine is feasible at acceptable levels of skin irrita- of high potency will increase the future use and the
tion. versatility of application of iontophoresis devices

including targeting of antigens to the Langerhans
cells in the skin.

8 . Conclusion and future perspectives
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