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a b s t r a c t

The transdermal delivery of a new salt form of the dopamine agonist rotigotine, rotigotine�H3PO4 is pre-
sented and compared to rotigotine�HCl. A comparison was made on the level of solubility, passive and
iontophoretic delivery. Different aspects of the delivery were investigated: delivery efficiency, maximum
flux, donor pH, electro-osmotic contribution and transport number. Changing the salt form from rotigo-
tine�HCl to rotigotine�H3PO4 increases significantly the solubility and rules out the influence of NaCl on
the solubility by the absence of the common-ion effect. At low donor concentration, no difference in
transdermal delivery was observed between the salt forms. Due to an increase in the maximum solubility
of rotigotine�H3PO4, a 170% increase in maximum flux, compared to rotigotine�HCl, was achieved. A bal-
ance between solubility and delivery efficiency can be obtained by choosing the correct donor pH
between 5 and 6. A slight increase in electro-osmotic contribution and transport number was observed.
Using the parameters, determined by modeling the in vitro transport, in vivo simulations revealed that
with iontophoresis therapeutic levels can be achieved with a rapid onset time and be maintained in a
controlled manner by adjusting the current density.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Transdermal drug delivery is an attractive alternative for oral
drug delivery and hypodermic injections. Different delivery meth-
ods have been investigated over the years to increase the drug deliv-
ery through the skin. One of the possibilities is iontophoresis. By
applying a small current across the skin it is possible to enhance
the transdermal delivery of small charged ionic molecules. One of
the interesting properties of this technique is the possibility to mod-
ulate the transport rate into and through the skin. This is an impor-
tant advantage for drugs with a narrow therapeutic window, such as
dopamine agonists. Rotigotine is a dopamine agonist used for the
symptomatic treatment of Parkinson’s disease. Studies, investigat-
ing the transdermal iontophoretic delivery of rotigotine�HCl
revealed that by applying an electrical current across the skin higher
steady-state fluxes can be achieved with a shorter lag time compared
to passive delivery. However, in these studies, the maximum solubil-
ity of rotigotine�HCl in the donor phase appeared to be the limiting
factor for its iontophoretic transport through the skin [1–3]. Increas-
ing the solubility of rotigotine can be achieved by changing the donor
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solution, e.g. by adding surfactants or co-solvents or changing the
source of Cl�-ions. Another possibility to improve the solubility is
altering the salt form of the drug of interest. In transdermal ionto-
phoretic delivery, the chloride anion is often added to the donor
phase at the anodal side to feed the electrochemical reaction. To
increase the solubility of rotigotine, another counterion may be cho-
sen to destabilize the crystal structure and therefore to increase the
solubility of rotigotine in the buffer solution. In the current study,
H3PO4 was chosen as an alternative salt form for rotigotine�H3PO4

accounts for 2% of the FDA approved NCE’s in the period from 1995
to 2006, is biocompatible, has a low molecular weight and circum-
vents the common-ion effect in the donor phase, making it a very
interesting candidate as salt form for iontophoresis [4]. Moreover,
in the literature, very few reports investigating different salt forms
for transdermal delivery were described. Fang et al. studied the pas-
sive and iontophoretic delivery of three different salts of the anion
diclofenac, showing that the counter ion can affect the transdermal
delivery [5,6].

In the current study, the solubility and transdermal delivery of
rotigotine�H3PO4 were evaluated in comparison with rotigo-
tine�HCl to illustrate the influence of the choice of a salt form on
the passive and iontophoretic transport through the skin. In addi-
tion, the in vitro transport of rotigotine�H3PO4 was analyzed with
compartmental modeling and the parameters were used to evalu-
ate the iontophoretic delivery in vivo in a series of simulations.

http://dx.doi.org/10.1016/j.ejpb.2009.11.016
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2. Materials and methods

2.1. Materials

Rotigotine�H3PO4 and rotigotine�HCl were kindly supplied by
UCB Schwarz Biosciences GmbH (Monheim, Germany). Silver, silver
chloride (purity > 99.99%), trypsin (Type III from bovine pancreas),
trypsin inhibitor (Type II-S from soybean) and methanesulfonic acid
were obtained from Sigma–Aldrich (Zwijndrecht, The Netherlands).
Acetaminophen was purchased from Brocacef (Maarsen, The Neth-
erlands) and D(�)-Mannitol was obtained from Scharlau Chemie
SA (Barcelona, Spain). Spectra/Por� RC dialysis membrane sheets
(cut-off value of 6000–8000 Da) were purchased from Spectrum lab-
oratories, Inc. (Rancho Dominquez, CA, USA). Acetonitrile was pur-
chased from Biosolve (Valkenswaard, the Netherlands). All other
chemicals and solvents were of analytical grade. All solutions were
prepared in Millipore water with a resistance of more than
18 MX cm.

2.2. Solubility of rotigotine�H3PO4

In order to compare the maximum solubility of rotigo-
tine�H3PO4 with rotigotine�HCl, the solubility studies of rotigo-
tine�H3PO4 were carried out as described by Nugroho et al. [3],
who determined the solubility of rotigotine�HCl. Briefly, rotigo-
tine�H3PO4 was solubilized in 10 mM citric buffer at pH 4, 5 and
6 with and without the presence of NaCl. Subsequent adjustment
of pH in each test tube was performed by alternatingly adding
small quantities of 1 M NaOH under continuous shaking and sub-
sequent pH measurements, until the pH of each solution had stabi-
lized at the original buffer value. Each solution was shaken for an
additional 48 h, after which each solution was centrifuged and fil-
tered. The concentration in each solution was determined by HPLC.

2.3. Capillary electrophoresis

The electrophoretic mobility of rotigotine�HCl and rotigo-
tine�H3PO4 was investigated with capillary electrophoresis (CE).
These experiments were performed according to a method de-
scribed elsewhere [7]. Briefly, the electrophoretic mobility of the
samples (0.5 mM) was determined in triplicate using a phosphate
buffer pH 7.4 (Na2HPO4: 5.82 g l�1; NaH2PO4: 5.1 g l�1) as electro-
lyte solution (mobile phase).

2.4. Preparation of human stratum corneum

The preparation of human stratum corneum (HSC) was per-
formed according to the method described previously [8]. Briefly,
within 24 h after surgical removal of the human skin, residual sub-
cutaneous fat was removed. Dermatomed human skin (DHS) was
obtained by dermatoming the skin to a thickness of about
300 lm. In order to obtain HSC, DHS was incubated with the der-
mal side on Whatman paper soaked in a solution of 0.1% trypsin
in 150 mM phosphate buffered saline (PBS) pH 7.4 (NaCl: 8 g L�1,
Na2HPO4: 2.86 g l�1, KH2PO4: 0.2 g l�1, KCl: 0.19 g l�1) overnight
at 4 �C and subsequently for 1 h at 37 �C after which HSC was
peeled off from the underlying viable epidermis and dermis. HSC
was subsequently washed in a 0.1% trypsin inhibitor solution in
Millipore water and several times in water and stored in a desicca-
tor in a N2 environment.

2.5. In vitro transport studies

A 9-channel computer-controlled power supply was used to pro-
vide a constant direct current (Electronics Department, Gorlaeus
Laboratories, Leiden University, The Netherlands) during iontopho-
resis. The system was equipped with differential input channels per
current source enabling online measurement of the electric resis-
tance across HSC in each diffusion cell. Ag/AgCl was used as driver
electrode pair. All transport experiments were carried out using a
three chamber continuous flow through cell as described elsewhere
[8]. The donor formulation, buffered with a 10 mM citric buffer, was
applied at the anodal side. The cathodal chamber was filled with PBS
pH 7.4. The acceptor phase, maintained at 32 �C, was continuously
perfused with PBS pH 6.2 (NaCl: 8 g l�1, KCl: 0.19 g l�1, Na2H-
PO4�2H2O: 0.43 g l�1, KH2PO4: 0.97 g l�1) at a flow rate of 7.0 ml h�1.
Unless described elsewhere, the following protocol for the iontopho-
resis experiments was used: 6 h of passive diffusion, followed by 9 h
of iontophoresis with a current density of 500 lA cm�2 and 5 h of
passive diffusion. Samples were collected every hour with an auto-
matic fraction collector (ISCO Retriever IV, Beun De Ronde BV, Abco-
ude, The Netherlands). The specific conditions of the individual
transport studies are described below.

2.5.1. Flux of rotigotine�H3PO4 vs. rotigotine�HCl
The donor concentration of rotigotine�H3PO4 and rotigotine�HCl

was kept constant (3.7 mM). The donor phase was buffered at pH 5
and contained 68 mM NaCl.

2.5.2. Fluxss vs. donor concentration rotigotine�H3PO4 and influence of
pH

In these transport studies, four different concentrations rotigo-
tine�H3PO4 (4.4 mM, 9.5 mM, 22.2 mM and 47.5 mM), buffered at
pH 5, were used. Thereby, the transport of rotigotine�H3PO4 (4.4
and 13.0 mM), buffered at pH 6 was investigated as well. All trans-
port experiments were performed in the presence of 68 mM NaCl
in the donor phase.

2.5.3. Electro-osmotic flow
The donor concentration of rotigotine�H3PO4 was 3.9 mM and

11.6 mM. Acetaminophen (15 mM) was added to the donor phase
as a marker for the electro-osmotic flow. The donor phase was buf-
fered at pH 5 and contained 68 mM NaCl.

2.5.4. Current density flux-relationship
The relationship between the current density was studied with

a rotigotine�H3PO4 concentration of 31.3 mM, buffered with a citric
buffer at pH 5.5, containing 68 mM NaCl. The following protocol
was used: 6 h passive + 6 h 166 lA cm�2 + 6 h 333 lA cm�2 + 6 h
500 lA cm�2 + 6 h passive.

2.6. Analytical method

Prior to and at the end of a transport study, the pH of donor and
acceptor compartment was measured. All samples of the iontopho-
retic transport studies were analyzed by RP-HPLC using a Super-
spher� 60 RP-select B, 75 mm � 4 mm column (Merck KGaA,
Darmstadt, Germany). Rotigotine was detected using a scanning
fluorescence detector (Waters™ 474, Millipore, Milford, MA, USA)
at excitation and emission wavelengths of 276 and 302 nm. Acet-
aminophen was detected using a UV detector (Dual k Absorbance
Detector 2487, Waters, Milford, USA) at a wavelength of 254 nm.
Filtered and degassed mobile phase contained 60% H2O (v/v), 40%
ACN (v/v) and 0.05% methanesulfonic acid (v/v). The injection vol-
ume was 50 lL and the flow rate was set to 1.0 mL min�1.

The concentration of rotigotine was quantified according to
three standards with a concentration of 0.005, 2 and 5 lg mL�1.
The intra-assay variation of the retention time and of the area
was less then 2.0%. For acetaminophen, calibration curves showed
a linear response when using concentrations of compounds be-
tween 0.1 and 40 lg mL�1 (R2 > 0.9999). The limit of detection



Table 1
The solubility of rotigotine�H3PO4 and rotigotine�HCl in different medium at pH 4, 5
and 6 in the presence and absence of 68 mM NaCl (n = 2–3).

pH Rotigotine�H3PO4 Rotigotine�HCl*

No NaCl 68 mM NaCl No NaCl 68 mM NaCl
mM (mean) mM (mean) mM (mean ± SD) mM (mean ± SD)

4.00 83.48a 80.08c 24.39 ± 4.66 a,b 6.75 ± 0.31 b,c

5.00 41.89a 42.95c 22.45 ± 0.63 a,b 6.35 ± 0.34 b,c

6.00 15.67 14.44d 15.87 ± 1.25 b 6.52 ± 0.17 b,d

a p < 0.001.
b p < 0.001.
c p < 0.001.
d p < 0.01.

* The values were adapted from reference [3].
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(LOD) and limit of quantification (LOQ) of acetaminophen were
experimentally determined at 5.8 and 9.6 ng mL�1, respectively.
According to the literature, the limit of detection of rotigotine
(base) was 11 ng mL�1 [2].

2.7. Determination of the passive, electro-osmotic and electromigrative
flux

The total iontophoretic flux consists of the passive flux (Jpass),
the electro-osmotic flux (JEO) and the electromigrative flux (JEM).
The passive flux is calculated during 6 h prior to the iontophoretic
phase. The neutral permeant acetaminophen was added to the do-
nor solution as a marker molecule for quantification of the electro-
osmotic flow during iontophoretic transport. The electromigrative
flux is calculated by subtracting the passive and electro-osmotic
flux from the total flux.

2.8. Data analysis

To calculate the steady-state flux during passive and iontopho-
retic transport, the cumulative flux of the transport was plotted as
a function of time. The steady-state flux was estimated from the
linear part of the slope of this plot according to the permeation
lag-time method [8]. All data are presented as mean ± standard
deviation (SD). When a statistical analysis was performed compar-
ing only two groups, a Student’s t-test was used. When three or
more groups were compared, a one-way ANOVA statistical analysis
was executed. If the overall p-value was less than 0.05, a Bon-
ferronni post-test was applied to compare different groups. For
all statistical analysis, a significance level of p < 0.05 was used.

2.9. In vitro modeling and in vivo simulation

Next to the permeation lag-time method, the data of the in vitro
transport of rotigotine�H3PO4 at the selected condition (donor pH
5, donor conc 47 mM) was analyzed using nonlinear mixed effects
modeling with the compartmental models described elsewhere
[9]. Briefly, in these models, the starting point was a zero-order
mass transport from the donor solution into the skin during and
after iontophoresis. The equations, to describe in vitro iontopho-
retic transport during current application:

JðtÞ ¼ I0

S
ð1� e�KR �ðt�tLÞÞ ð1Þ

Jss ¼
I0

S
ð2Þ

JðtÞ ¼ PPI

S
ð1� e�KR �ðt�tLÞÞ þ I0

S
ð1� e�KR �ðT�tLÞÞ � e�KRðt�TÞ ð3Þ

where J(t) is the flux at time t and S is the diffusion area, KR is a
first-order skin release rate constant, I0 the zero-order iontopho-
retic mass transfer from the donor compartment into the skin com-
partment during current application, tL is the kinetic lag-time
parameter, introduced to address the time required for drug mole-
cules to enter the skin compartment, T is the time of current appli-
cation and PPI is the zero-order drug input due to the passive
driving force in the post-iontophoretic period. Fitting the data
was performed using the subroutines ADVANCE6 TRANS1 TOL = 5
from PREDPP in NONMEM (NONMEM version VI). Interindividual
variability was modeled using an exponential error model and
the residual error was characterized by an exponential and addi-
tive error model. The estimates of the population parameters were
performed using a conventional first-order method. The model was
evaluated graphically by plotting the population predicted vs. the
observed flux and the individual predicted vs. the observed flux. Fi-
nally, from the final parameter estimates, a number of 100 samples
were simulated. Post-processing of NONMEM simulations creating
plots of visual predictive check (VPC) was done using Xpose 4,
implemented in the software R (R version 2.7.0, R-foundation) [10].

The pharmacokinetic model used to simulate the iontophoretic
delivery of rotigotine was based on a model described elsewhere
[9]. Assuming a one-compartment model, different protocols were
investigated for simulating the pharmacokinetic profile of ionto-
phoretic delivery of rotigotine�H3PO4 during 24 h using a patch size
of 10 cm2:

Protocol 1: 24 h 350 lA cm�2

Protocol 2: 5 h 350 lA cm�2 + 19 h 150 lA cm�2

At time = 24 h, the patch was removed. In this case, the simula-
tions were performed with the $SIMULATION function provided in
NONMEM. A population of five subjects was simulated and the
simulated population prediction was displayed graphically.

3. Results

3.1. Solubility and electrophoretic mobility of rotigotine�H3PO4

The results of the solubility assay of rotigotine�H3PO4 are pre-
sented in Table 1. At the selected pH values the addition of NaCl
did not affect significantly the solubility of rotigotine�H3PO4 (2-
way ANOVA; p > 0.05). This is in contrast with the results obtained
with rotigotine�HCl by Nugroho et al. [3]. For rotigotine�HCl the sol-
ubility reduced tremendously after adding 68 mM NaCl. Further-
more decreasing the pH of the donor phase from 6 to 5 and
again to pH 4 resulted in a significant increase in the solubility of
rotigotine�H3PO4 (2-way ANOVA; p < 0.05).

The electrophoretic mobility of rotigotine�H3PO4 (1.53 ± 0.02 �
10�4 cm2 s�1 V�1) showed no significant difference with the electro-
phoretic mobility of rotigotine�HCl (1.49 ± 0.04 � 10�4 cm2 s�1 V�1)
(t-test; p = 0.134).

3.2. Passive diffusion of rotigotine�H3PO4

A series of iontophoretic transport studies under various condi-
tions were performed. During 6 h prior to iontophoresis, no current
was applied and passive transport reached steady-state conditions
within this period. From the slope of the linear part of the cumula-
tive flux vs. time profile, the passive steady-state flux (Fluxpss) was
calculated. Firstly, rotigotine�H3PO4 and rotigotine�HCl both at a
concentration of 3.7 mM, buffered at pH 5, showed no significant
difference in Fluxpss (t-test; p > 0.05) (Table 2). Secondly, the re-
sults of transport studies of rotigotine�H3PO4 at various donor con-
centrations, comparing a donor pH of 5 and 6 are depicted in Fig. 1.
A nonlinear hyperbolic fit showed a correlation between the Fluxpss

and the donor concentration at pH 5 (R2 = 0.889). Increasing the pH



Table 2
Comparison of the iontophoretic flux of rotigotine�H3PO4 with rotigotine�HCl at pH 5
in the presence of 68 mM NaCl. Results are presented as mean ± SD (n = 3–4).

Donor phase compound Results

Conc. Passive fluxss Iontophoretic fluxss

(mM) nmol cm�2 h�1 nmol cm�2 h�1

(mean ± SD) (mean ± SD)

Rotigotine�HCl 3.77 1.7 ± 0.8 69.4 ± 6.4
Rotigotine�H3PO4 3.74 1.6 ± 0.4 73.8 ± 12.6
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Fig. 1. The Fluxss of rotigotine�H3PO4 during the passive phase (no current) and the
iontophoretic phase (current density = 500 lA cm�2) at various donor concentra-
tions at donor pH 5 (closed triangle) and pH 6 (open square). The correlation of the
Fluxss vs. donor concentration was determined at pH 5. The line of correlation of the
passive Fluxss vs. donor concentration is full, and the line of correlation of the
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mean ± SD (n = 3).
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3.9 11.6
0

25

50

75

100

125

Electroosmotic

Electromigrative

Passive

Rotigotine (mM)

%
 c

on
tri

bu
tio

n

Fig. 3. The relative contribution of the passive (grey), electro-osmotic (black) and
electromigrative (white) flux to the total (100%) flux of rotigotine�H3PO4 at two
different concentrations (3.9 and 11.6 mM). The donor phase was buffered at pH 5,
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O.W. Ackaert et al. / European Journal of Pharmaceutics and Biopharmaceutics 74 (2010) 304–310 307
of the donor phase from 5 to 6 increased the passive flux of rotig-
otine�H3PO4 quite drastically: close to saturation of rotogo-
tine�H3PO4 in the donor phase the maximum flux that could be
achieved was 10.8 ± 1.9 nmol cm�2 h�1 at pH 5 and 24.9 ±
2.5 nmol cm�2 h�1 at pH 6.

3.3. Iontophoresis of rotigotine�H3PO4

A series of iontophoretic transport studies was conducted to
investigate the iontophoretic transport of rotigotine�H3PO4 spe-
cially focusing on: (i) comparison with the iontophoretic flux of
rotigotine�HCl, (ii) the relationship between the flux and donor
concentration, (iii) the influence of the pH, (iv) the contribution
of the electro-osmotic flow and (v) the determination of the trans-
port number.

3.3.1. Flux of rotigotine�H3PO4 vs. rotigotine�HCl
During the transport studies after 6 h of passive diffusion, a cur-

rent density was applied of 500 lA cm�2 during 9 h. The steady-
state flux (Fluxss) of rotigotine�H3PO4 during iontophoresis showed
no significant difference to the Fluxss of rotigotine�HCl (p > 0.05)
(Table 2).

3.3.2. Fluxss as function of donor concentration rotigotine�H3PO4 and
influence of pH in donor formulation

As shown in Fig. 2, current application resulted in an immediate
increase in the flux of rotigotine�H3PO4, which reached steady-
state within 4 h. The results of a series of iontophoretic transport
studies of rotigotine�H3PO4 at pH 5 and pH 6 are depicted in
Fig. 1. A nonlinear relationship could be described between the
Fluxss and the donor concentration at pH 5 (R2 = 0.825). Thereby,
the Fluxss at equal rotigotine�H3PO4 concentration increased with
increasing pH of the donor solution. However, close to saturation
in the donor phase, the Fluxss at pH 5 (135.8 ± 12.5 nmol cm�2 h�1)
was not significantly different from the Flux at pH 6
(127.3 ± 4.0 nmol cm�2 h�1) (t-test; p > 0.05).

3.3.3. Electro-osmotic contribution
To quantify the electro-osmotic contribution, acetaminophen

was co-transported with rotigotine. The electro-osmotic flux was
investigated at two different concentrations rotigotine�H3PO4 (3.9
and 11.6 mM) at pH 5 in the donor phase. The relative contribu-
tions of Jpass, JEO and JEM are depicted in Fig. 3. With increasing do-
nor concentrations, the relative contribution of the passive flux
significantly increased from 13.1 ± 0.1% for 3.9 mM to 17.6 ± 0.1%
for 11.6 mM (t-test; p < 0.05). An increase in rotigotine�H3PO4 con-
centration from 3.9 mM to 11.6 mM resulted in a significant de-
crease in the relative contribution of the electro-osmotic flow
from 5.1 ± 0.1% to 2.8 ± 0.3% (t-test; p < 0.05). Electromigration
was the main driving force and accounted for 81.8 ± 0.03 and
79.5 ± 0.1% of the total flux of 3.9 mM and 11.6 mM rotigo-
tine�H3PO4, respectively.



Table 3
Best-fit results of the estimated parameters, steady-state flux (Fluxss) release constant (KR), the lag time (tL) and the passive flux post-iontophoresis (pass) and comparison to the
value obtained with the permeation lag-time method. The data are presented as mean and standard error of the mean (SEM). Furthermore, values of the elimination constant (ke),
clearance (Cl) and apparent volume of distribution, considering the bioavailability (Vd/F) of rotigotine as found in the literature, are depicted.

Unit Model prediction Permeation lag-time method Literature values*

Best-fit value SEM Best-fit value SEM

Fluxss nmol cm�2 h�1 135 3.56 135.8 4.18
KR h�1 1.08 0.04 n.d.
tL h�1 Negligible n.d.
Pass h 12.3 0.4 n.d.
ke h�1 0.125
Cl l h�1 450
Vd/F l 3600

n.d.: Not determined.
* Values were adapted from references [15–20].
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3.3.4. Determination of transport number
With increasing pH from 5 to 6, a decrease in solubility, but an in-

crease in delivery efficiency was observed. At pH 5.5 a balance is ex-
pected between maximum solubility and delivery efficiency. At this
selected pH, under near to saturated conditions, the transport num-
ber was determined. Therefore, in a single experiment the relation-
ship between the Fluxss and the current density was studied with a
donor phase containing 31.3 mM rotigotine�H3PO4, which was 90%
of the maximum solubility of rotigotine�H3PO4. An increase in the
current density resulted in a significant increase in flux, which
reached steady-state within 6 h of current application. A current
density of 0 lA cm�2 (passive phase), 166 lA cm�2, 333 lA cm�2

and 500 lA cm�2 resulted in a Fluxss of 24.4 ± 1.9 nmol cm�2 h�1,
65.8 ± 9.3 nmol cm�2 h�1, 109.7 ± 15.7 nmol cm�2 h�1 and 154.5 ±
27.0 nmol cm�2 h�1, respectively. An excellent linear correlation
could be observed between the Fluxss and the current density
(R2 = 0.999). The transport number was calculated from the slope
of the correlation at 0.7%.
3.4. Modeling in vitro iontophoretic transport of rotigotine�H3PO4

The in vitro iontophoretic transport across HSC was analyzed
using compartment modeling. The kinetic model to describe the
flux was based on zero-order mass transport from donor to skin
and a first-order release from skin to acceptor. The best-fit results
and the standard error of the mean (SEM) of Fluxss, the first-order
release constant (KR), the lag time (tL) and the passive flux post-
iontophoresis (pass) can be found in Table 3. No significant differ-
ence could be observed between the best fit of Fluxss, estimated by
the compartmental model and by the permeation lag-time method
(t-test; p > 0.05).

The quality of fitting and model parameter estimation was eval-
uated graphically. The diagnostic plots of the model can be found
in Fig. 4. The population predicted (PRED) vs. the observed flux
(Fig. 4, panel A) and the individual predicted (IPRED) vs. the ob-
served flux (Fig. 4, panel B) show that the model can describe ade-
quately the in vitro iontophoretic transport. Moreover, the visual
predictive check, displayed in Fig. 4, panel C, demonstrates that
the observed data are well distributed in the 95% confidence inter-
val of the simulated data. This suggests that the variability, pre-
dicted by the model, represents the variability of the actual
observed data.
4. Discussion

4.1. Solubility

In a previous study, one of the major limitations in the ionto-
phoretic transport of rotigotine�HCl was its low solubility. The
maximum solubility of rotigotine�HCl was only 7.1 ± 0.4 mM at
pH 5. In that study, the iontophoretic transport at varying rotigo-
tine�HCl concentrations between 1.4 and 3.9 mM showed a linear
relationship between the Fluxss and the donor concentration [2].
This demonstrated that the maximum iontophoretic flux of rotigo-
tine was not yet achieved, but the low solubility of rotigotine�HCl
was the limiting factor for further increase in the iontophoretic
flux. Higher donor concentrations could be achieved by replacing
HCl by another salt [11,12]. As shown in Table 1, in the presence
of 68 mM NaCl, the solubility of rotigotine increased substantially
when HCl was replaced by H3PO4. Compared to rotigotine�HCl, the
solubility of rotigotine�H3PO4 is 2-, 6-, 10-fold higher at pH 6, 5 and
4, respectively. Furthermore, in contrast to the solubility of the HCl
salt, the presence of NaCl did not affect the solubility of rotigo-
tine�H3PO4. This can be explained by an absence of the common-
ion effect. The next step was to investigate the transdermal deliv-
ery of rotigotine as H3PO4 salt.

4.2. In vitro transdermal delivery

The transdermal passive delivery of rotigotine�H3PO4 (3.77 mM)
was investigated in comparison with rotigotine�HCl at the same
donor concentration (3.74 mM). At pH 5, no difference in passive
delivery could be observed. The solubility of rotigotine�HCl at pH
5 was lower compared to the solubility of rotigotine�H3PO4. The
higher thermodynamic activity of rotigotine�HCl under these con-
ditions was expected to result in a higher passive flux for rotigo-
tine�HCl [13]. It seems that replacement of HCl by H3PO4 in the
rotigotine salt not only increases the solubility of rotigotine, but
also increases the efficiency in passive transport of rotigotine
across HSC. In analogy to the passive flux, no difference in total
iontophoretic flux could be observed between rotigotine�H3PO4

(3.77 mM) and rotigotine�HCl (3.74 mM). This observation is
strengthened by the observed equal electrophoretic mobility of
both salt forms, determined with capillary electrophoresis. This
indicates that under these conditions, an equal part of the current
is carried by rotigotine, regardless of its salt form, resulting in the
same total iontophoretic flux.

The use of rotigotine�H3PO4 compared to that of rotigotine�HCl
has two major advantages: (i) Increasing the donor pH from 5 to 6
significantly increases the passive flux of rotigotine�H3PO4. The max-
imum solubility of rotigotine�H3PO4 at pH 6 is much lower than at pH
5. Consecutively, the thermodynamic activity at equal concentration
of this compound is higher at pH 6, which results in an increased pas-
sive diffusion [14]. Due to this increase in passive flux, an increase in
total flux during the iontophoresis period was also observed with
increasing pH. In contrast, the total iontophoretic flux of rotigo-
tine�HCl did not change when the pH was increased from 5 to 6 [3].
(ii) The second advantage is the increase in maximum solubility of
rotigotine�H3PO4 compared to that of rotigotine�HCl. Due to a higher
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Fig. 4. Diagnostic plots of the compartmental modeling of the in vitro iontophoretic
transport of rotigotine (47 mM), buffered at pH 5. Panel A: plot of the population-
predicted flux (PRED) vs. the observed flux. Panel B: plot of the individual-predicted
flux (IPRED) vs. the observed flux. Panel C: visual predictive check of the in vitro
model: raw data superimposed on median, 2.5th and 97.5th percentiles of data
simulated from model. Median (full line); 2.5th and 97.5th percentile (dashed line;
raw data (open circle).
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maximum solubility of the phosphate salt, higher donor concentra-
tions of rotigotine can be obtained. Iontophoretic delivery of higher
donor concentrations results in an increase in the maximum ionto-
phoretic transport. At pH 5, the maximum iontophoretic flux of
rotigotine�HCl was 80.2 ± 14.4 nmol cm�2 h�1, while with rotigo-
tine�H3PO4 a maximum flux of 135.8 ± 12.5 nmol cm�2 h�1 was
achieved [2]. This means that the maximum flux can be increased
with 170% by replacing the HCl salt with a H3PO4 salt. Besides a
higher flux, another practical advantage can be established when
using a high donor concentration at pH 5. Calculations revealed that
after 24 h, maintaining a maximum flux of 135.8 nmol cm�2 h�1, the
amount rotigotine�H3PO4 in the donor phase decreased with 35%.
This decrease in donor concentration would result only in a decrease
of 10% in steady-state flux. This shows that with a high donor con-
centration, a high flux can be maintained for a long time. Taking
these results together, one must seek a balance between transport
efficiency and donor concentration by choosing the pH of the donor
solution. On the one hand, by increasing the pH, it is possible to in-
crease the transport efficiency; however, the limited solubility of
the compound at pH 6 prevents the use of a high concentration. On
the other hand, at pH 5, the transport efficiency is lower; nonethe-
less, a high flux can be established for a long time due to the higher
solubility of rotigotine�H3PO4.

The total flux is driven by the passive, electromigrative and
electro-osmotic flux. The electro-osmotic contribution of rotigo-
tine�H3PO4, estimated at 5%, is higher than the electro-osmotic
contribution of rotigotine�HCl, calculated at 2.3% [2]. This is mainly
due to the higher concentration of rotigotine�H3PO4 in the donor
formulation. Nonetheless, the main driving force of the iontopho-
retic delivery of both salt forms remains electromigration and in
case of rotigotine�H3PO4 accounts for approximately 80% of the to-
tal flux at two different concentrations (Fig. 3). The transport num-
ber of rotigotine�H3PO4 at pH 5.5 was estimated from the slope of
relationship between the Fluxss and the current density at 0.7%.
This is higher than the transport number of rotigotine�HCl (0.4%)
at pH 5, which can be explained by a higher donor concentration
of rotigotine�H3PO4 [2].

4.3. From in vitro modeling to in vivo simulation

After characterizing and optimizing the transdermal delivery of
this promising compound in vitro, the potential of the iontopho-
retic delivery of rotigotine in vivo was evaluated. A series of simu-
lations were performed, using pharmacokinetic modeling. The first
step was to determine the parameters driving the iontophoretic
delivery in vitro across human stratum corneum of rotigo-
tine�H3PO4 (47 mM), buffered at pH 5. The value of the Fluxss

corresponds well with the value estimated by the permeation
lag-time method (Table 3). In addition, diagnostic plots of the data
modeling (Fig. 4) confirm that this model successfully describes
the in vitro iontophoretic transport of rotigotine�H3PO4. In the next
step, the apparent pharmacokinetic parameters of rotigotine, re-
ported in the literature, are combined with the best-fit values of
Fluxss, KR and tL to predict the plasma levels in vivo [15–20]. A com-
parison was made with the passive delivery of rotigotine. Neupro, a
passive transdermal delivery system of rotigotine, is approved by
the EMEA for symptomatic treatment of Parkinson’s disease [21].
The patch delivers 1–8 mg rotigotine in 24 h, depending on the
patch size. As reported in the literature, passive delivery of rotigo-
tine with a patch size of 10 cm2, estimated to deliver 2 mg in 24 h,
resulted in a maximum plasma concentration (Cmax) of
215 pg ml�1 at 16 h [22]. Two different protocols were used to
evaluate the iontophoretic delivery of rotigotine (47 mM, pH 5)
during 24 h. As shown in Fig. 5, applying a current density of
350 lA cm�2 during 24 h (protocol 1) is expected to result in Cmax

of 630 pg ml�1. Not only can a higher flux be established with ion-
tophoresis, but more interestingly already at time = 5 h a plasma
concentration of 240 pg ml�1 can be reached. Therefore, the
in vivo iontophoretic delivery of rotigotine was simulated using
protocol 2, applying initially a current density of 350 lA cm�2 for
5 h, after which the current density was decreased to 150 lA cm�2.
These simulations demonstrate two very important advantages of
iontophoretic delivery of rotigotine in combination with
iontophoresis over transdermal passive diffusion. Firstly, because
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Fig. 5. Population prediction of the simulations of iontophoretic delivery of
rotigotine�H3PO4 (47 mM) using different protocols: Protocol 1: 24 h 350 lA cm�2;
Protocol 2: 5 h 350 lA cm�2 + 19 h 150 lA cm�2. The open circles are the popula-
tion prediction of the simulated plasma concentration (Cp).
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of active transdermal delivery, the onset time to achieve the de-
sired level can be significantly decreased. Secondly, by adjusting
the current density, a titration of the plasma concentration is pos-
sible, making it feasible to individually modulate the delivery
according to the desired dosing regimen. Both advantages can be
of great benefit for symptomatic treatment of Parkinson’s disease.

In conclusion, despite the lipophilicity of rotigotine, high levels
can be achieved with transdermal iontophoretic delivery with a ra-
pid onset time, making it a very promising compound for symp-
tomatic treatment of Parkinson’s disease. Thereby, changing the
salt form of a drug can improve the physicochemical properties
and consequently the maximal transdermal transport of a thera-
peutic drug, without changing its major transport mechanisms.
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