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Background: Rotigotine is a potent and selective D , D,, and D, dopaminergic receptor agonist.
Due to an extensive first-pass effect, it has a very low oral bioavailability (approximately 0.5%
in rats).

Purpose: The present investigation aimed to develop a microemulsion-based hydrogel for
transdermal rotigotine delivery with lower application site reactions.

Methods: Pseudoternary phase diagrams were constructed to determine the region of oil in
water (o/w)-type microemulsion. Central composite design was used to support the pseudoternary
phase diagrams and to select homogeneous and stable microemulsions with an optimal amount
of rotigotine permeation within 24 hours. In vitro skin permeation experiments were performed,
using Franz diffusion cells, to compare rotigotine-loaded microemulsions with rotigotine solu-
tions in oil. The optimized formulation was used to prepare a microemulsion-based hydrogel,
which was subjected to bioavailability and skin irritancy studies.

Results: The selected formulations of rotigotine-loaded microemulsions had enhanced flux and
permeation coefficients compared with rotigotine in oil. The optimum microemulsion contained
68% water, 6.8% Labrafil®, 13.44% Cremophor® RH40, 6.72% Labrasol®, and 5.04% Transcu-
tol® HP; the drug-loading rate was 2%. To form a microemulsion gel, 1% Carbomer 1342 was
added to the microemulsion. The bioavailability of the rotigotine-loaded microemulsion gel was
105.76%+20.52% with respect to the marketed rotigotine patch (Neupro®). The microemulsion
gel irritated the skin less than Neupro.

Conclusion: A rotigotine microemulsion-based hydrogel was successfully developed, and
an optimal formulation for drug delivery was identified. This product could improve patient
compliance and have broad marketability.

Keywords: pseudoternary phase diagrams, central composite design, transdermal

Introduction

Interest in dopaminergic drug research has increased since the discovery that patients
with Parkinson’s disease exhibit dopamine deficiency in the striatum.' Rotigotine
([]2-(N-propyl-N-2-thienylethylamino)5-hydroxytetralin) was developed for the once-
daily treatment of idiopathic Parkinson’s disease. Due to its extensive gastrointestinal
metabolism, rotigotine is not suitable for oral administration.? Neupro® was developed
by Schwarz Pharma (UCB, Inc, Brussels, Belgium) for the once daily treatment of
Parkinson’s disease using a transdermal delivery system. Neupro releases rotigotine
steadily over 24 hours, reducing side effects, such as dyskinesia, motor fluctuations,
and resting tremor, resulting from fluctuating concentration-versus-time profiles.!*
The most common adverse events observed during rotigotine clinical studies were
application site reactions. Approximately half of rotigotine patients had application
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site reactions, including erythema, pruritus, and dermatitis,
compared with 11%-21% of patients receiving placebo.*
Therefore, an alternative transdermal delivery route with
lower application site reactions is required.

Microemulsions generally comprise appropriate propor-
tions of an oil phase, surfactant, cosurfactant, and aqueous
phase.’ Microemulsions have several specific physico-
chemical properties, ie, transparency, optical isotropy, low
viscosity, and thermodynamic stability. Microemulsions
have several advantages for drug delivery, such as simple
preparation, strong stability, increased drug solubility, con-
trolled drug delivery rate, and improved bioavailability of
hydrophilic and lipophilic drugs via various delivery routes.®
Microemulsions are a promising method for transdermal
drug delivery, and several mechanisms have been proposed
to explain the advantages of microemulsions for transdermal
drug delivery.” The microemulsion components may function
as permeation enhancers, which may reduce the diffusional
barrier of the stratum corneum and increase the drug perme-
ation rate through the skin. In addition, the hydration effect
of the microemulsion on the stratum corneum may influence
the permeability of drug formulations.

The low viscosity of microemulsions leads to a short
residence time on the skin surface.® The viscosity of rotigo-
tine microemulsions can be increased, by adding polymer
materials to prepare a hydrogel.® The polymer material
generally does not react with surfactants or cosurfactants
and does not affect microemulsion stability.” Furthermore,
hydrogels possess good moisture retention and permeability
characteristics and cause little skin irritation.!

In this study, oil in water (o/w) microemulsions contain-
ing rotigotine were developed after selecting oils, surfactant,
and cosurfactants. By constructing pseudoternary phase dia-
grams, we obtained the optimal ratio of the mixed surfactants.
Using central composite design (CCD), we determined the
most suitable ratio of components to create an optimized
formulation. The in vivo performance of the formulation
was also evaluated in rats.

Materials and methods

Materials

Rotigotine and (S)-5,6,7,8-4H-6-[propyl[4-fluorinated phenyl
ethyl]amino]-1-naphthol were received as a gift from Luye
Pharmaceutical Ltd (Shandong, People’s Republic of China).
Neupro was purchased from Schwarz Pharma. Oleoyl mac-
rogol-6 glycerides EP (Labrafil® M 1944 CS), medium-chain
triglycerides (Labrafac® Lipophile), Labrasol® and Transcu-
tol® HP were received as a gift from Gattefosse (St Priest,

Cedex, France). Cremophor® RH40 was purchased from
BASF SE (Ludwigshafen, Germany). Oleic acid, Tween® 80,
polyethylene glycol (PEG)-400, 1,2-propylene glycol, and
ethyl alcohol were purchased from the Huachen Chemical
reagent factory (Tanjin, People’s Republic of China). All
other chemicals and solvents were analytical grade.

Animals

Male and female Sprague Dawley® (SD) rats weighing
approximately 250 g were supplied by the State Key Labora-
tory of Long-acting and Targeting Drug Delivery System.
The animals were housed at room temperature (approxi-
mately 22°C) with a relative humidity of 40%x5%.

Preparation of rotigotine microemulsions
Microemulsion components screening

To identify the optimal components for the microemulsion
formulations, the solubility of rotigotine in different oils
(olive oil, Labrafil M 1944 CS, Labrafac Lipophile and
oleic acid, and Tween 80), surfactants (Labrasol, Cremophor
RH40, and Transcutol HP), and cosurfactants (PEG-400, 1,2-
propylene glycol, and absolute ethyl alcohol) was measured.
An excess amount of rotigotine was added to a fixed volume
of each solvent (10 mL), and the mixture was incubated at
25°C in a constant temperature water bath oscillator (BoXun
SHZ-A, Shanghai, People’s Republic of China) for 24 hours.
The resulting suspension was then centrifuged for 10 minutes
at 12,000 rpm. After appropriate dilution, the supernatant was
filtered using a 0.45 wm microporous membrane filter. The
concentration of rotigotine in the filtrate was determined by
high-performance liquid chromatography (HPLC) (Agilent
1100 Series HPLC Value System; Agilent Technologies,
Santa Clara, CA USA) with detection at a wavelength of
223 nm. The solubility of rotigotine in the various solvents
was then calculated to identify high-solubility solvents.

Construction of phase diagrams

Pseudoternary diagrams were constructed to characterize
microemulsion formation. Two different surfactants (Cremo-
phor RH 40 and Labrasol) were mixed at different proportions
(Ks) and then mixed with a cosurfactant at a specific weight
ratio (Km), as shown in Table 1. Then, different amounts
of oil (Labrafil M 1944 CS) were added to the surfactants
and cosurfactant mixtures (S_. ) at a ratio of 9.5:0.5, 9:1,
8.5:1.5, 8:2,7.5:2.5, 7:3, 6.5:4.5, 6:4, 5.5:4.5, 5:5, 4.5:6.5,
4:6,3.5:6.5,3:7,2.5:7.5,2:8,1.5:8.5, 1:9,and 0.5:9.5 (w/w).
Distilled water was then added dropwise under magnetic
stirring at room temperature and atmospheric pressure.
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Table | Weight ratios of Cremophor® RH40, Labrasol® and
Transcutol® HP and the corresponding pseudoternary phase
diagram numberings

K_ (wiw) K (wiw)

2:1 3:1 4:1
I:1 A B \
21 \ C D
3: \ E F

Note: A to F means the pseudoternary phase diagram shown in Figure I.
Abbreviations: K, Cremophor RH 40:Labrasol (w/w); K , surfactants:cosurfactant
(wiw); “\”, signifies there were no microemulsions formed at this proportion.

The samples were classified as microemulsions when clear
liquids formed."" The amount of water consumption was
recorded and used to calculate the final weight percentages
of water, oil,and S . . The pseudoternary phase diagram was
constructed using Origin software (version 7.5; OriginLab
Corp, Northampton, MA, USA).

Experimental design

The most appropriate ratio of S_. , oil, and water was
determined using CCD. In this study, a 13-run, two-factor,
three-level CCD statistical screening design was used to opti-
mize the formulation factors and evaluate the main effects,
interaction effects, and quadratic effects on the permeation
of rotigotine in 24 hours (Q,,) and the steady-state flux (J ).
The statistical analysis was performed using Design-Expert®
software (version 7.1; Stat-Ease Inc., Minneapolis, MN,

USA). The two independent factors (X, and X)) and depen-
dent factors (Y, and Y,) are shown in Table 2.

Particle size and polydispersion index investigation
The particle size and polydispersion index of the samples were
determined using a particle size analyzer (Deisa™Nano C;
Beckman Coulter Inc, Brea, CA, USA). Particle size was
measured at a temperature of 25°C and a refractive index of
1.3328. The particle size and polydispersion index of all CCD
and rotigotine-loaded optimized microemulsion formulations
were determined under the same conditions.

Viscosity studies

All CCD formulations were subjected to viscosity studies to
explain the results of the in vitro permeation and optimization
studies. The viscosity of the optimized formulation was also
measured. The viscosity of each sample was measured at
25°C using a Brookfield Digital Display Viscometer (DV-C;
Brookfield Engineering Laboratories, Middleborough, MA,
USA) at a shear rate of 50 rpm.

Scanning electron microscopy

The microstructure of the optimal rotigotine microemulsion
was observed using an electron microscope (JEM-1400;
JEOL Ltd, Tokyo, Japan). A drop of rotigotine microemul-
sion was placed on a copper network carrying a Formvar
membrane and was partially air-dried before a drop of

Table 2 Variables and observed responses in the CCD for the microemulsion

Independent variables Dependent variables Viscosity Particle Polydispersity

X, X, Y,(Q,) Y, () (mPa:s) size (nm) index
MEI 0.65 0.119 58.22 3.3735 33+1.56 15.6+1.20 0.101+0.0023
ME2 0.65 0.225 132.91 6.3521 37+2.38 23.1£0.89 0.114+0.0051
ME3 0.509 0.225 91.21 4.2839 254+5.21 21.5£0.97 0.197+0.0039
ME4 0.75 0.3 80.32 3.7427 15+1.67 36.810.44 0.125+0.0060
ME5 0.75 0.15 49.43 2.8226 22+3.33 18.9+1.34 0.089+0.003 |
MEé 0.65 0.225 129.19 6.2363 37+2.38 23.1£1.09 0.114+0.0051
ME7 0.55 0.3 89.23 4.1527 159+5.23 46.6£2.08 0.218+0.0012
MES8 0.791 0.225 68.86 3.2545 1842.33 24.2+42.12 0.096+0.0027
ME9 0.65 0.225 131.88 6.3788 37+2.38 23.1+0.89 0.114+0.0051
MEIO 0.65 0.225 127.65 6.2436 37+2.38 23.1£0.89 0.114+0.0051
MEI| 0.65 0.331 103 3.9042 25+3.89 65.4+2.29 0.144+0.0042
MEI2 0.55 0.15 60.4 3.4354 2261576 16.2+0.84 0.128+0.0045
MEI3 0.65 0.225 135.43 6.5222 37+2.38 23.1£0.89 0.114+0.0051
Independent variables Levels used, actual (coded)

-1 0 +1 —alpha +alpha

X, = water/microemulsion (w/w) 0.55 0.65 0.75 0.509 0.791
X, =oillS__ (wiw) 0.15 0.225 0.3 0.119 0.331

Note: Each data represents the mean * SD (n=3).

Abbreviations: CCD, Central composite design; | , steady-state flux; ME, microemulsion formulation; Q,,, permeation of rotigotine in 24 hours; SD, standard deviation.
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1% phosphotungstic acid was added to the membrane. The
membrane was completely air-dried and imaged using the
electron microscope.

Stability studies
The heating—cooling cycle test was performed for the opti-
mized rotigotine-loaded microemulsions, by storing the
rotigotine-loaded microemulsions in a refrigerator at 4°C
for 48 hours and then transferring the microemulsion to a
drying case (LC-225; RiShun® Shanghai, People’s Republic
of China) at 45°C for 48 hours.'? This cycle of cooling and
drying was repeated five times. Phase separation or precipita-
tion was evaluated after centrifugation (LD5-2A; DingLi®,
Beijing, People’s Republic of China) at 3,600 rpm.
Long-term stability studies of the rotigotine-loaded
microemulsions were performed at time points of 0, 1, 2, 3,
and 6 months. The microemulsion was sealed and then stored
at a temperature of 4°C. Phase separation or precipitation was
evaluated after centrifugation at 3,600 rpm.

In vitro skin permeation studies
All experiments were performed according to the Guidelines
for Animal Experiments, Yantai University. In vitro skin per-
meation studies of the rotigotine-loaded microemulsion were
performed on rat skin, using a Franz diffusion cell assembly
with an effective diffusion area of 1.34 cm?. The rat hair was
removed using a razor, and the abdominal skin of the rat was
carefully removed 24 hours later and stored at —80°C until
further use. The rat skin was installed between the donor and
receptor compartments of the diffusion cell, with the stratum
corneum facing the donor compartment.

The rotigotine-loaded microemulsion formulations were
prepared according to Table 3, with a rotigotine drug-loading

Table 3 Solubility of rotigotine in various solvents

Phase type Solvent Solubility (mg/mL)
Oil phase Olive oil 10.2510.16
Labrafil® M 1944 CS 47.22+0.27
Labrafac® Lipophile 46.3240.34
Oleic acid 16.16£0.13
Surfactant Tween®80 13.1£0.16
Labrasol® 87.47+0.32
Cremophor®RH40 21.36+0.26
Cosurfactant Transcutol® HP 259.85+0.68
PEG-400 110.06+0.45
1,2-propylene glycol 8.83£0.14
Absolute ethyl alcohol 99.81+0.28

Note: Each data represents the mean + SD (n=3).
Abbreviations: PEG, polyethylene glycol; SD, standard deviation.

0f2%. Then, 2 mL of the rotigotine-loaded microemulsion was
placed in the donor compartment, and 18 mL of the receptor
medium (normal saline containing 40% [v/v] PEG-400)
was placed in the receptor compartment. PEG-400 was
incorporated to maintain sink conditions. The receptor
compartment was maintained at 37°C with stirring at 100
rpm. At predetermined time points, 1.5 mL aliquots of
receptor medium were removed from the receptor compart-
ment and immediately replaced with the same volume of
receptor medium. The amount of rotigotine in the receptor
compartment was determined by HPLC using an analytical
column (Inertsil® ODS-SP C18, 4.6x250 mm, pore size
5 um; Agilent Technologies) and using (a) acetonitrile and
(b) water containing 0.3% phosphoric acid as the mobile
phase, at 34:66. The flow rate was set at | mL/min, and the
elution temperature was 35°C. J  was calculated from the
slope of the steady-state portion of the plot of drug amount
vs time (hours)."

Rotigotine microemulsion-based hydrogel

preparation

Carbomer 1342 was selected as the gel matrix and was
dispersed in the rotigotine-loaded microemulsion at weight
ratios of 0.5%, 1%, and 1.5%, followed by complete swelling.
The obtained gel was evaluated in in vitro skin permeation
studies. The drug-loading rate was 2% (w/w).

Pharmacokinetic studies

Twelve healthy Sprague Dawley rats were randomly assigned
to two groups, each containing six rats. The gel and Neupro
were administered to the two groups at equal drug doses,
ie, 1.2 mg/kg. The hair on the rat abdomen was removed
24 hours prior to dosing. A specific weight of the gel was
applied to a piece of nonwoven cloth with an area of 0.8x0.8
cm?. Neupro was accurately cut to 0.8x0.8 cm? according to
the dose and applied to the abdomen.

Blood was collected from the canthus of rats, at prede-
termined time points (1, 2, 4, 6, 8, 10, 12, 24, and 48 hours
after the gel and patch were admistrated), in centrifuge tubes
containing heparin and centrifuged for 10 minutes at 3,600
rpm. The supernatant was collected and stored at —20°C.

The blood samples were transferred to glass centrifuge
tubes. Then, 10 UL of internal standard solution (5 ng/mL)
and 3 mL of extractant (N-hexane : dichloromethane :
isopropyl =2:1:0.1) were added to each tube, and each
was vortexed for 5 minutes and centrifuged at 3,600 rpm
for 10 minutes. The supernatant was collected and dried
under a nitrogen gas flow, and 50 UL of mobile phase was
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added to the tube. The resulting mixture was quantified by
liquid chromatography mass spectrometry (LC-MS/MS)
(TSQ Quantum™ Access MAX; Thermo Fisher Scientific
Inc, Waltham, MA, USA).

The LC-MS/MS conditions were: internal standard,
(S)-5,6,7,8-4H-6-[propyl[4-fluorinated phenyl ethyl]
amino]-1-naphthol hydrochloride; chromatographic column,
LiChrospher® C18; measurement wavelength, 271.5 nm;
mass spectrometer ion source, electrospray ionization source;
detection method, cation; rotigotine and internal standard ion
pair, 316.0/147.1,328.1/147.1. The pharmacokinetic parame-
ters were calculated using Phoenix® WinNonlin (version 6.3;
Pharsight, St Louis, MO, USA), based on the average blood
drug concentration.

Skin irritancy observation

Twelve healthy Sprague Dawley rats were randomly assigned
to groups, each of which contained six rats. The first group
was administered a 2 cm? Neupro. In the second group,
45 mg of gel was applied over a 2 cm? area. The skin lesion
conditions were observed and recorded for the gel group and
the Neupro group. The skin lesions were scored as follows:
no erythema, 0 points; erythema point number <5, 1 point;
erythema point number of 5-10, 2 points; and erythema point
number >10, 3 points.

Statistical analysis

All experiments were performed at least in triplicate. The
data are presented as the means * standard deviation (SD).
Comparisons between two groups were performed using
a two-tailed Student’s 7-test. P<<0.05 was considered sta-
tistically significant, and P<<0.01 was considered highly
significant.

Results and discussion

Selection of components

The solubility of rotigotine in various vehicles is listed in
Table 2. High-solubility solvents were prioritized. Labrasol
promotes absorption, while Transcutol HP promotes solubil-
ity and absorption.'* Therefore, Labrafil M 1944 CS, Labra-
sol, and Transcutol HP were selected as the oil, surfactant,
and cosurfactant, respectively. Research has demonstrated
that the aforementioned three components are compatible,'
but they did not form a microemulsion in the present study.
The second high-solubility surfactant, Cremophor RH40,
formed a microemulsion when used with Labrafil M 1944
CS and Transcutol HP; however, the drug-loading percent-
age was < 1% (data not shown) because of the low solubility

of rotigotine in Cremophor RH40. Therefore, we combined
Cremophor RH40 and Labrasol for use as surfactants.

Pseudoternary phase diagram
The determination of the ratio of various surfactants and
cosurfactants is a critical aspect of microemulsion formulation
design. The most common and effective method for screening
surfactant and cosurfactant proportions is the construction of
pseudoternary phase diagrams. Two methods, water titration
and oil titration, are generally employed to construct pseudot-
ernary phase diagrams.'® Water titration was selected in our
study because this method is economical and widely used.'®
In a pseudoternary phase diagram, each corner of the diagram
represents 100% of any particular component.®

The pseudoternary phase diagrams are shown in Figure 1.
Cremophor RH 40, Labrasol, and Transcutol HP were mixed
at specific weight ratios as outlined in Table 1. The “\” in
Table 1 indicates that no microemulsion was formed at these
ratios. According to the pseudoternary phase diagrams, a
larger region of microemulsion formation was observed at a
K, of 2:1 than ata K of 1:1 (Figure 1A and B) or 3:1 (Fig-
ure 1E and F). Therefore, a K of 2:1 was selected. Different
K_swere then evaluated. No microemulsion was formed at K _
values of 2:1 or 5:1 (data not shown). The area of the micro-
emulsion region was larger at a K value of 4:1 compared
with 3:1 (Figure 1C and D). Therefore, values of K and K _
of 2:1 and 4:1, respectively, were chosen. Cremophor RH 40,
Labrasol, and Transcutol HP were mixed at a ratio of 8:4:3.

Formulation optimization

The ratio of surfactant and cosurfactant was determined
using pseudoternary phase diagrams. However, the ratio
of oil, water, and surfactant that enables microemulsion
formation must also be determined. CCD is the most com-
mon method for response surface design. A CCD consists
of factorial points, axial points and center points. The axial
points provide additional levels of the factor to estimate
the quadratic terms.!® In this research, the contents of water
(X)) and 0il/S_, (X,) were chosen as the two independent
variables. The optimal values of X and X, for microemul-
sion formation were determined from the appropriate point
in the pseudoternary phase diagram. The best fit model was
the quadratic model, which is represented as follows:

Y (Q,,) = —1311.05 + 3600.21X, + 2402.07X, +

1
68.67X,X, - 2830.79 2 — 4981.40X 2 ()

Y2(J) = =60.30 + 168.0X, + 111.21X, + 2
6.76X,X, - 133.01X 2 - 248.05X,2
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A K, =1:1K_=2:1 B K, =1:1K_=3:1
0.00
1.00
0.004 0o
0.25
&
&
& 050
°°
0.75
1.00, Y ! ! , 0.00 ; 0.00
000 025 050 075 1.00 000 025 050 075 1.00
%oil %oil
C D
K, =2:1K_=3:1 K, =2:1 K =4:1
0.00 400
1.00 ‘ 0.00
000 025 050 075  1.00 000 025 050 075  1.00°
o s
%oil %o0il
E F
K, =3:1K_ =31 K, =3:1K_=4:1
1.00 ; 0.00 1.00 : 0.00
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
%oil %oil

Figure | Pseudoternary phase diagram of the different S systems containing the oil phase (Labrafil®), surfactants (Labrasol® and Cremophor® RH40), cosurfactant

(Transcutol® HP), and aqueous phase (distilled water).
Note: The gray areas represent the microemulsion regions.

Abbreviations: K , weight ratio between surfactants and cosurfactant; K, weight ratio between two surfactants ie. Cremophor RH40 and Labrasol; S_ , mixture of

Cremophor RH40 Labrofil and Transcutol HP.

The series variance analysis, including the model
F-value, and the comparative values of R?, etc, are provided
in Table 4. The “R*” values of Y and Y, were greater than
0.97. The correlation between the predicted response value

and actual response value is illustrated by the linear cor-
relation plots shown in Figure 2A and B. The high values
of R* (Q,,, 0.9747; ] , 0.9901) indicate that the predicted
response value and actual response value correlated
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Table 4 Analysis of variance for the responses Y and Y, after fitting by the quadratic model

Quadratic model F P R? Pred R? Adj R? AP SD C.V.%
Response (Y,) 60.79 <0.0001 0.9775 0.8570 0.9614 18.437 6.28 6.49
Response (Y,) 147.45 <0.0001 0.9906 0.9455 0.9839 27.404 0.18 3.89

Notes: R2is relevant index which reflect a fitting degree; Pred R? (predicted R?) and Adj R? (adjusted R?) are reasonably agree with each other represent a good model fitting;

AP is “Adeq precision”, which measures the singal to noise ratio.

Abbreviations: AP, Adeq precision; C.V.%, coefficient of variation; SD, standard deviation.

well. An analysis of variance and co-fitting diagnosis
confirmed the suitability of the model for guiding further
optimization.

The contour and response surface plots are shown in
Figure 3. According to Figure 3A and B, the maximum value
of Q,, was obtained when the water content was 57%—-70%
and oil/S . was 0.19-0.30. In this region, Q,, was greater
than 120 pg/cm?, and the maximum point was in the center
of this area. According to Figure 3C and D, the maximum
value of J  was obtained when the content of water was
58%—70% and oil/S_ was 0.20-0.28. In this region, J was
greater than 5.8 [g/cm?h, and the maximum point was in
the center of this area. In conclusion, based on CCD, Q,,,
and J  were maximized.

The aim of optimization is to produce the formulation
with the highest Q , and J  values. The optimal formulation
was obtained when the water content was 68% and oil/S__
was 0.27. The final composition was 6.8% Labrafil, 13.44%
Cremophor RH40, 6.72% Labrasol, 5.04% Transcutol HP,
and 68% water.

This optimum formulation was prepared for use in an
in vitro permeation study. The predicted and experimental
values of the response variables as well as the prediction

error percentage are shown in Table 5. The predicted error
was less than 5%, indicating that the actual responses were
very similar to the predicted values.

In vitro skin permeation experiments

The permeability parameters of the microemulsions that were
designed by CCD, including Q,, and J , are listed in Table 3.
The permeability curves of the rotigotine-loaded microemul-
sions are shown in Figure 4. The lag time of all the rotigotine
microemulsions was close to 0 (data not shown). The Q,,
and J  of the control group, which contained 2% (w/w)
rotigotine in Labrafil, were 33.33 pg/cm? and 1.66 pg/cm?>h,
respectively. The changes to Q,, and J  were obvious in the
different microemulsion formulations. When the particle
size was smaller, the surface tension of the microemulsions
was lower, which may result in moister skin and facilitate
drug penetration into the skin. Similarly, larger particle sizes,
such as in microemulsion formulation (ME)4 and ME11, had
lower Q,, and J  values. The surfactant and cosurfactant, ie,
Labrasol and Transcutol HP, enhanced rotigotine solubility
and facilitated drug penetration into the skin due to hydration
of'the stratum corneum.'*!'” Compared with oil, if the amount
of S . was increased, the Q,, and J  values decreased, such
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Figure 2 Linear correlation plots (A and B) between the actual and predicted values.
Abbreviations: | , steady-state flux; Q,,, permeation of rotigotine in 24 hours.
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Figure 3 The contour plot (A and B) and corresponding surface response plots (C and D).

Abbreviations: | , steady-state flux; Q

as in ME1, MES, and ME12. Although the microemulsion
particles sizes were small, the thermodynamic activity of the
microemulsions decreased, and the distribution of the drug
between the inner and outer phases was inhibited. When the
amounts of surfactant, cosurfactant, and oil increased, such
as in ME3, ME7, and ME12, the affinity of the microemul-
sion for the drug was too strong to permit rapid release of
the drug into the aqueous phase, resulting in lower values of
Q,,andJ_. In addition, when the water content was decreased,
the viscosity of the microemulsion system increased, which
may also inhibit the rate of drug distribution. In conclusion,
the rate-limiting step of transdermal drug movement from
the microemulsion has two parts; first, the drug distribution

,» Permeation of rotigotine in 24 hours; S, mixture of Cremophor RH40, Labrofil and Transcutol HP.

between the inner phase and outer phase of the vehicle; and
second, the skin permeation process.

Microemulsion characteristics

The drug-loading of the optimized microemulsion was
2% (w/w). The viscosity, particle size, and polydispersity
index of the CCD formulations are listed in Table 3. The
particle size increased as 0il/S__ increased. The water content
did not obviously influence particle size. Smaller particle
sizes may reduce the surface tension of the microemul-
sion, which may facilitate percutaneous drug penetration.
The polydispersion index is a measure of particle uniformity.
In the majority of the formulations, the polydispersion index

Table 5 The predicted and experimental values of the response variables and predicted error percentages

Responses Predicted value Experimental value Percentage prediction error (%)
Q,. (uglem?) 125.57 123.84+3.95 —1.46+3.23
], (ug/cm®h) 5.8l 5.84+0.07 0.58%1.12

Abbreviations: | , steady-state flux; Q,,, permeation of rotigotine in 24 hours.
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Figure 4 In vitro permeation profiles of rotigotine in the microemulsions and oil (Labrafil®).

Note: Each point represents the mean + SD (n=3).
Abbreviations: ME, microemulsion formulation; SD, standard deviation.

was lower than 0.2, which indicates uniform particle size.
The particle size and polydispersion index of the optimized
rotigotine-loaded microemulsion were 27.1+1.69 nm and
0.10940.0037, respectively.

Water content greatly influenced the viscosity of the
microemulsion. As the water content decreased to 65%,
the viscosity of the microemulsion noticeably increased.

Figure 5 Transmission electron microscopy of the rotigotine-loaded microemulsion.

The viscosity of the optimized rotigotine-loaded microemul-
sion was 26%1.77 mPa-s.

A transmission electron microscopy image of the
optimized rotigotine-loaded microemulsion is shown in
Figure 5. The particle was well regulated and uniform.

No phase separation or drug precipitation was observed
after the six heating—cooling cycles used in the short-term
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Figure 6 Accumulated amount of rotigotine that permeated from the optimal
formulation of the rotigotine microemulsion gels at different Carbomer concen-
trations (w/w).

Note: The values represent the mean + SD (n=3).

Abbreviations: ME, microemulsion formulation; SD, standard deviation.

stability study for the rotigotine-loaded microemulsion.
Moreover, no phase separation or deposition after centrifu-
gation was observed after 0, 1, 2, 3, and 6 months at 4°C,
in the long-term stability study. All these results demon-
strated the stability of the rotigotine-loaded microemulsion
was good.

Rotigotine microemulsion gel preparation
The rotigotine microemulsion gel was prepared by adding
Carbomer 1342 directly to the microemulsion and allowing
the gel to fully swell until transparency was observed. The
results demonstrated that the amount of transdermal rotigo-
tine was greatest when the Carbomer 1342 content was 1%.
When the concentration of Carbomer 1342 was 1.0%, the
viscoelastic and flow properties of the microemulsions were
suitable to ensure adequate performance during topical and
transdermal administration. The permeation plot is shown
in Figure 6.

Pharmacokinetic studies
The plasma rotigotine concentration vs time profiles and
related pharmacokinetic parameters are shown in Figure 7

16 —a— Microemulsion gel
1 —e— Neupro patch

Serum rotigotine concentration
(ng/mL)

Time (hours)

Figure 7 Drug—time curves in rats administered the rotigotine microemulsion gel
and Neupro® patch.

Note: Each point represents the mean + SD (n=6).

Abbreviation: SD, standard deviation.

and Table 6, respectively. The group that received the gel
had maximum plasma rotigotine concentrations at 6.67+1.03
hours after administration; in the Neupro group, the maxi-
mum concentration occurred at 7.33%£2.42 hours. The area
under the concentration—time curve (AUC) of the gel was
179.68+34.85 ng-h/mL, and the relative bioavailability
was 105.76%120.52%. The rotigotine microemulsion gel
exhibited considerably improved bioavailability and a faster
permeation rate at the early postadministration time points,
although the plasma concentration curve of the gel was not
as steady as that of Neupro. In conclusion, the microemulsion
gel may represent an alternative administration method to
Neupro, but the gel requires further improvement.

Skin irritancy observation

Average skin irritation response scores are shown in Table 7.
Rat skin before administration is shown in Figure 8A. No
erythema was observed in the microemulsion gel group,
as shown in Figure 8B, resulting in a score of 0. However,
half of the animals in the Neupro group exhibited obvious
erythema, as shown in Figure 8C, resulting in a score of
1.3340.52. These results suggest that the microemulsion gel

Table 6 Pharmacokinetic parameters of the rotigotine microemulsion gel and Neupro® patch

Dosing form t,, (h) T. T, (h) C. . (ng/mL) AUC . (ugh/mL) Frel (%)
Microemulsion gel 13.87+4.38 0 6.67+1.03 12.15£3.67 179.68+34.85 105.76+20.52
Neupro® 22.35+12.83 0 7.3312.42 9.8312.80 169.39+£30.77 100

Notes: Each data represents the mean * SD (n=6).

Abbreviations: AUC, area under the concentration—time curve; C_, maximum blood concentration; Frel, relative bioavailability; SD, standard deviation; t,, half-life; T,

lag time; T__, time to reach C
max ma

-
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Table 7 The average skin irritation response scores

Dosing form Average score of erythema

Microemulsion gel 0
1.33£0.52

Note: Each data represents the mean * SD (n=6).
Abbreviation: SD, standard deviation.

Neupro®

is less irritating to the skin than is Neupro. In the Neupro
group, obvious erythema was observed on the rat abdominal
skin, and the skin was dry. In contrast, the rat abdominal skin
of the gel group could maintain moisture, and no erythema
was observed. Thus, the microemulsion gel should be used to
protect skin due to its moisturizing effect, as it has high water
content. In addition, hydrogels have received considerable
interest as leading candidates for engineered tissue scaffolds,
due to their unique composition and structural similarities
to the native extracellular matrix, as well as their desirable
framework for cellular proliferation and survival.'® From
these results, we can conclude that the hydrogel matrix of

the microemulsion gel had more moderate effects on the skin
than did the silicone matrix of Neupro. The microemulsion
hydrogel matrix displayed high water content and perme-
ability as well as minimal skin irritation, which may improve
patient compliance.

Conclusion

In the present studies, two types of surfactants were used
synergistically in the microemulsion to achieve the desired
rotigotine solubility and stability. Compared with Neupro, the
rotigotine microemulsion gel exhibited similar bioavailability
as well as moderate effects on the skin and decreased applica-
tion site reactions. In conclusion, the rotigotine microemul-
sion gel is a potential alternative for rotigotine delivery.
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