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Abstract

The objective of this study was to investigate the effect of vehicle systems, pH and enhancers on the permeation of
a highly lipophilic basic drug aripiprazole (ARPZ) through human cadaver skin. Solubility of ARPZ in single, binary,
tertiary, and quaternary vehicle systems of N-methyl pyrrolidone (NMP), dimethyl sulfoxide (DMSO), water, ethanol
and isopropyl myristate (IPM) was studied. Gel formulations of 5% ARPZ were developed with 0.5% Carbopol 971P
in quaternary vehicle systems consisting of NMP, DMSO, water and ethanol or IPM at optimum ratio of 40/40/5/15.
The effect of pH of the gel formulations and fatty acids with different chain lengths on the permeation was studied.
The flux of ARPZ from gel formulation with IPM and ethanol was comparable. A four fold increase in APRZ flux was
observed when the pH of the gel systems was lowered from pH 8.2 to pH 6 or pH 7. For fatty acids, the order of flux
is lauric acid > myristic acid > caprylic acid > oleic acid. In all the cases, in vitro permeation rate of ARPZ through
human cadaver skin followed zero order kinetics. This study demonstrated that ARPZ in tertiary vehicle system of
NMP/DMSO/water/IPM at ratio of 40/40/5/15 and gel system of Carbopol 971P with pH 7 is a promising candidate

for transdermal delivery.

Keywords: Psychotropic drug, transdermal delivery system, penetration enhancer, stratum corneum, quaternary
vehicle systems, N-methyl pyrrolidone, dimethyl sulfoxide, isopropyl myristate, fatty acids, pH

Introduction

Optimum therapeutic outcome requires not only
proper drug selection, but also an effective drug deliv-
ery system. In the case of a psychotropic drug, rigor-
ous compliance to a regular medication schedule is
of great clinical importance. In many instances, oral
administration of psychotropic drugs is considered less
than optimal delivery system due to non-compliance.
Delivery of psychotropic medication via transder-
mal patch is one of the potential methods to promote
patient compliances’. A well designed and successfully
developed controlled release transdermal delivery sys-
tem is able to deliver various drugs across the skin into
the systemic circulation with considerable biomedical
benefits?.

The amount of drug that can be delivered through
the skin depends on the integrity of the skin barrier,
the physicochemical properties of the permeant, the
physicochemical characteristics of the vehicles in which
the permeant is applied to the skin and the dosing con-
ditions®. The relative impermeability of the stratum
corneum (SC) provides the principal resistance to per-
cutaneous absorption of most drugs*. A drug molecule
released from a dosage form has to pass through the skin
layers by a multistep sequential process before it reaches
systemic circulation. The process includes partitioning
and diffusion through the lipophilic SC, partitioning
into the aqueous epidermis and finally diffusion into the
capillary network of the dermis®. In an attempt to over-
come the problems arising from skin impermeability
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and biological variability, various approaches have been
investigated®. One possible mechanism is increased
skin/vehicle partitioning of the drug. The composition
of vehicle systems has been reported to increase the skin
permeation and shorten the lag time of several drugs™®.
A slight change in vehicle composition could highly
influence the skin permeability of yohimbine!. The
vehicle’s composition can affect both drug release and
skin permeability properties. Another way to enhance
the dermal and transdermal delivery is the addition of
penetration modifiers. Two main mechanisms of pen-
etration enhancement can be distinguished"'. Firstly, the
penetration modifier enters the skin, increases the per-
meant’s solubility in the skin and thereby increases the
partition coefficient of the active ingredient between skin
and vehicle. Secondly, the penetration enhancer diffuses
into the skin and interrupts the intercellular lipid pack-
ing and hence increases the diffusivity of the permeant
in the skin. Highly lipophilic compound showed low skin
permeability due to accumulation of lipophilic drugs in
SC because of low aqueous solubility’. A transdermal
candidate must possess both lipophilic and hydrophilic
characteristics. A molecule that is too hydrophilic will
not partition into SC and if the molecule is too lipophilic,
it will not move down to the subsequent aqueous lay-
ers in the epidermis®. Therefore, an improvement in the
transdermal permeability of a highly lipophilic molecule
is possible by increasing its hydrophilicity either by salt
formation or pH modification.

Aripiprazole (ARPZ), an atypical psychotropic drug,
is indicated for acute and maintenance treatment of
schizophrenia and manic and mixed episodes associ-
ated with bipolar disorders and is available as tablet, oral
solution and injection. Although transdermal delivery
is a preferred route of administration for a psychotropic
drug, there is no ARPZ transdermal delivery system avail-
able. Therefore, transdermal delivery of ARPZ, especially
with long duration of action, would be helpful in achiev-
ing compliance with a rigorous medication schedule and
is expected to have a profound impact on patient care.

The purpose of this study was to investigate the effect
of vehicle systems, enhancers and pH on the skin perme-
ation of the highly lipophilic drug ARPZ from a matrix
transdermal delivery system (TDS) to achieve an opti-
mum delivery of ARPZ through the skin.

Materials and methods

Materials

ARPZ was obtained from Teva Pharmaceuticals, USA
(Pomona, NY). N-methyl pyrrolidone (NMP) was
obtained from Budrick & Jackson, (Muskegon, MI).
Dimethyl sulfoxide (DMSO), isopropyl myristate (IPM),
Hydrochloric acid, acetonitrile and trifluoroacetic acid
were obtained from JT. Baker (Phillipsburg, NJ). Ethanol
was obtained from Spectrum (New Brunswick, NJ) and
Carbopol 971P was obtained from Lubrizol Advanced
Materials (Cleveland, OH).

Methods

High-performance liquid chromatography (HPLC)

analysis of ARPZ

The analytical separation of ARPZ was performed using
a Waters HPLC system equipped with 600 E multi-
station delivery system, 717 Plus autoinjector, 996
photodiode array detector and 2010 Millennium data
management system. A reversed phase Varian Inertsil
ODS-3 Column, 100cm X 4.6 mm, 5 pm particle size
was used as analytical column that was maintained at
35°C. Acetonitrile 35% in deionized water with 0.1%
Trifluoroacetic acid (TFA) was used as the mobile
phase at a flow rate of 2.0 mL/min. With an injection
volume of 10 pl and detector wavelength set at 216 nm,
the chromatographic peak for ARPZ was detected at a
retention time of about 4.5 min.

Solubility in various vehicle systems

The solubility of ARPZ in various vehicles was deter-
mined by adding excess amounts of ARPZ into screw-
capped centrifuge tubes containing 5-10mL solvents
(NMP, DMSO, water, IPM and Ethanol) and mixtures of
various solvents at different ratios. The tightly sealed cen-
trifuge tubes were shaken in a water bath set at 37°C for
48h. After 72h of shaking, the tubes were centrifuged at
30,000 RPM for 30 min. The supernatant from each tube
was collected after equilibrium at room temperature
and analyzed using the HPLC method cited above after
appropriate dilution of the analyte.

Preparation of ARPZ Gel Formulations

Appropriate amount of drug was weighed into 20mL
volumetric flask. About 15mL of vehicle system was
added to flask and sonicated for 20 min or until the drug
was completely dissolved. Weighed amount of Carbopol
971P was dissolved into the drug solution. Finally, the
gel formulation was diluted to 20mL with the vehicle
system. The prepared gel systems were left at least 12h
at room temperature for any trapped air to be removed
before using for diffusion study.

Two gel formulations with quaternary vehicle systems
of (NMP/DMSO/Water/Ethanol) and (NMP/DMSO/
Water/IPM) at ratio of 40/40/05/15 were prepared using
5% ARPZ and 0.5% Carbopol 971P. The pH of the formula-
tions was 8.2. The pH of the gel formulations was adjusted
to pH 6 and pH 7 by adding concentrated hydrochloric
acid. Four additional gel formulations were made in which
5% caprylic acid, oleic acid, myristic acid and lauric acid
were added. Viscosity and pH of all the gel systems were
determined before being used for the diffusion study.

Viscosity determinations

The viscosity of gel formulations were measured with a
controlled-stress Rheometer (AR 1000, TA Instruments,
New Castle, DE, USA). The measurement was performed
at constant temperature (25°C) with parallel-plate
geometry. The stainless steel parallel plate diameter was
40mm, and the plate-plate gap was set at 250 um for all
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tests. The apparent viscosity of each gel formulation was
evaluated in triplicate.

In vitro permeation studies

Permeation of ARPZ across human cadaver skin was evalu-
ated using vertical Franz diffusion cells with an available
diffusion area of 1.77 cm2. The frozen human cadaver skin
was thawed and hydrated for 1 hour at room temperature
before mounting on the vertical Franz diffusion cell. The
skin was mounted on the receptor compartment with
the SC side facing upwards into the donor compartment.
The formulation was gently applied to the donor side of the
skin surface. In each of the donor cells, 2 g of test formula-
tion was added and the sample in the donor cell was sealed
with parafilm. The receptor cell volume was 7mL and
was filled with receptor medium of NMP/DMSO/water/
ethanol at the ratio of 40/40/05/15. The receptor medium
was kept at 37°C and stirred by Teflon coated magnetic
bar at 500 rpm throughout the run. At predetermined time
intervals, 500 pl of receptor solutions were withdrawn and
replaced with fresh medium. The amount of ARPZ released
from the formulation was determined by HPLC directly. All
diffusion studies were carried out in triplicate.

Stability of ARPZ solution and gel systems

ARZP solution and gel systems were stored at 40°C/75%
RH and tested for assay at 1 month, 2 months and 3
months intervals.

Data analysis

The cumulative amounts of ARZP permeated were plot-
ted as a function of time. The average flux (J_, pg/cm2/h)
was calculated from the slope of the linear portion of the
profiles. The lag time (L, h) was the x-intercept of the
above linear fit of the permeation profiles™. The follow-
ing equation was used:

I :(%‘)(%L 1)

dM — . . .
Where, ( é t)aue slope of the straight line obtained by

linear regression of the M vs. t profiles over the experi-
mental time frame
A=diffusional area.

Statistical analysis

All the data were expressed as mean + SD (n=3). Where
appropriate, statistical comparisons were made using
Student’s t-test ran on GraphPad Software (GraphPad
Software, Inc., CA 92037 USA). Results were considered
significant at 95% confidence interval (p < 0.05).

Results and discussion

Solubility of ARPZ and selection of vehicle system
The saturation solubility of ARPZ varied among vari-
ous combinations of binary, tertiary and quaternary
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Table 1. Solubility of ARPZ in single, binary, tertiary and
quaternary vehicle systems.

Solvent and composition (%)

NMP DMSO Water Ethanol IPM Solubility % (w/v)

100 — — — — 45.08
— 100 — — — 11.71
— — 100 — — 0.00
— — — 100 — 0.62
— — — — 100 0.16
50 50 — — — 24.08
40 40 20 — — 0.86
40 40 — 20 — 15.14
40 40 — — 20 21.02
40 40 15 5 — 2.12
40 40 10 10 — 4.83
40 40 5 15 — 8.53
40 40 15 — 5 3.56
40 40 10 — 10 7.56
40 40 5 — 15 12.68

vehicle systems of NMP, DMSO, water, Ethanol and
IPM. ARPZ is practically insoluble in water, slightly
soluble in Ethanol and IPM, but freely soluble in NMP
and DMSO. In the presence of water, the solubility of
ARPZ decreases dramatically. The maximum solubility
of ARPZ was found to be in NMP (45.1% w/v) followed
by DMSO (11.7% w/v). As the concentration of NMP
and DMSO increased in quaternary vehicle system, sol-
ubility of ARPZ increased significantly. The solubility of
ARPZ in various single, binary, tertiary and quaternary
vehicle systems is presented in Table 1. A general and
initial approach to improve transdermal permeation
rate is to optimize a suitable solvent system™. It is well
established that a principal driving force for diffusion
across the skin is the thermodynamic activity of the per-
meant in the donor vehicle'. This activity is reflected by
the concentration of the permeant in the donor vehicle
as a function of its saturation solubility within that
medium. Solvents may act as a penetration enhancer
(PE) by increasing thermodynamic activity of the drug
and/or changing the barrier property of the skin'®. An
optimum and pharmaceutically acceptable quaternary
vehicle system of NMP/DMSO/Water/Ethanol or NMP/
DMSO/Water/IPM in the ratio of 40:40:05:15 was used
for permeation studies. Although the solubility of ARPZ
is significantly higher in NMP and DMSO, due to safety
concerns, 40% was used in the vehicle system. Only 5%
water is selected as it diminishes ARPZ solubility sig-
nificantly (Table 1).

Effect of vehicle systems on the permeation of ARPZ
from 5% gel formulation through human cadaver skin
The composition of the vehicle system in which the drug
is formulated may have a significant effect on drug deliv-
ery across the skin, which may markedly affect therapeu-
tic efficacy. A slight change in vehicle composition highly
influenced the skin permeability of yohimbine'. Han-
Joon et al.'” showed that apparent diffusion parameters
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Table 2. Formulation composition, viscosity and gel systems with their respective average flux and lag time.

Vehicle systems (%)

Gel ID NMP DMSO Water Ethanol  IPM Fatty Acids Viscosity cPs pH  Jave (pug/cm2/h) T, (h)

F-1 40 40 5 15 0 — 176.2 8.2 94.51+10.1 6.2+1.24
F-2 40 40 5 0 15 — 172.0 8.1 100.53+11.4 2.2+1.19
F-3 40 40 5 0 15 — 42.9 6 386.32+16.8 5.2+0.75
F-4 40 40 5 0 15 — 77.9 7 388.50+15.2 5.0£0.90
F-6 40 40 5 0 15 Caprylic 150.6 8.0 60.71+£9.7 16.5+3.8
E-7 40 40 5 0 15 Oleic 178.4 8.0 48.70+8.1 17.0+2.9
F-8 40 40 5 0 15 Myristic 114.7 8.1 164.79+13.9 2.5+0.21
F-8 40 40 5 0 15 Lauric 139.1 8.1 178.05+13.1 2.5+0.56
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Average permeation flux=Jave and lag time=T,.
Mean + SD (n=3).
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Figure 1. Effect of vehicle systems on the permeation profiles of ARPZ from 5% gel system across human cadaver skin. Each point represents

the mean * SD of three experiments.

of melatonin were affected by the composition of vehicles
to different extents. The average flux () of ARPZ from gel
systems formulated in a vehicle system of NMP/DMSO/
water/TPM and NMP/DMSO/water/Ethanol is 100.53
pg/cm2/h and 94.51 pg/cm2/h, respectively and lag time
is 2.2h and 6.2 h, respectively (Table 2 and Figure 1). This
difference in flux is statically insignificant (p > 0.05), but
the lag time with IPM is significantly shorter (p < 0.05).
IPM is an aliphatic ester which is widely used as a safe
PE in dermatological formulations®. IPM probably
penetrates between the lipid bilayers of SC and, due to
its chain structure, disrupts the order and arrangement
of lipid bilayers of the SC thus improving drug penetra-
tion into this layer'. IPM acts as a vehicle, as well as a
penetration enhancer thereby providing higher ARPZ
penetration (Figure 1). NMP, DMSO and IPM present in
the quaternary vehicle system are well known effective
PEs. NMP and its derivatives are widely used chemi-
cal enhancers which have produced significant results
in the transport of various drugs®*?'. DMSO is the most

important compound belonging to the category of sul-
foxides and similar compounds to enhance transdermal
permeation of a variety of drugs®. It has a long history of
being used as a PE, and several reviews have highlighted
its ability to enhance the penetration of both lipophilic
and hydrophilic drugs®.

Effect of pH on permeation of ARPZ through human
cadaver skin

The major barrier function of skin is provided by the stra-
tum corneum. The stratum corneum is comprised of dis-
tinct protein and lipid domains that constituted a highly
structured, very stable and effective lipophilic barrier
to chemical penetration and permeation. Immediately
below the SC is viable epidermis, which is hydrophilic in
nature and acts as the rate-limiting step to the absorp-
tion of highly lipophilic drugs. Therefore, the optimal
characteristic for percutaneous absorption is that the
permeant be reasonably soluble in both hydrophilic and
hydrophobic media*. ARPZ is a highly lipophilic drug
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Figure 2. Effect of pH on the permeation profiles of ARPZ from 5% gel system across human cadaver skin. Each point represents the mean

+ SD of three experiments.

with a partition coefficient of 5.6 and is basic in nature
(pKa=7.29). When the pH of the gel system is lowered by
the addition of hydrochloride acid, the highly hydropho-
bic ARPZ became reasonably hydrophilic. Both NMP and
DMSO present in the vehicle system are excellent PEs
for relatively hydrophilic molecules. Large increases in
the transdermal penetration of several hydrophilic per-
meants (up to 450-fold) have been reported using NMP
and 2-pyrrolidone, whereas enhancement of lipophilic
drugs is less remarkable**. A vast array of literature
describes the penetration enhancing activities of DMSO,
and studies have shown it to be effective in promoting
both hydrophilic and lipophilic permeants*. Therefore,
with the addition of hydrochloric acid when ARZP
becomes relatively more hydrophilic, the penetration
enhancement effect of NMP, DMSO and IPM causes a
significant increase in ARPZ permeation though human
cadaver skin (p < 0.05). The results indicated that flux
of ARZP increased by a factor of 4 when the pH of gel
system decreased from pH 8.2 to pH 6 or pH 7 (Table 2
and Figure 2). No significant difference in flux was found
when pH changed from 7 to 6 (p > 0.05).

Effect of fatty acids on the permeation of ARPZ from
5% gel systems through human cadaver skin

Chemical enhancers are thought to enhance perme-
ation through a number of mechanisms, mainly by the
disruption of the SC lipid structure and sometimes by
the alteration of the SC keratinocytes®®**°. Among pene-
tration enhancers, various fatty acids have been widely
used for transdermal delivery'’. The mechanism of fatty
acids as permeation enhancers was found to be mainly
through the enhancement of permeant partitioning
into the SC intercellular lipid domain®'. The effects of
fatty acids as permeation enhancers have been shown
to be dependent on their structure, alkyl chain length,
and degree of saturation®. Unsaturated fatty acids

© 2012 Informa Healthcare USA, Inc.

have been shown to promote higher magnitudes of
permeation enhancement across skin when compared
to saturated fatty acids of the same chain length. This
has been attributed to the higher disrupting nature of
the linked chain of these fatty acids that would result
in a higher magnitude of lipid disruption*-. The per-
meation rate and lag time of ARPZ from 5% gel system
are summarized in Table 2. The addition of fatty acids
to the gel systems provided mixed permeation results.
The permeation of ARPZ from gel systems with 5% oleic
acid and caprylic acid is lower compared to the gel sys-
tem without fatty acid. On the other hand, the perme-
ation is higher from the gel system with 5% lauric acid
and myristic acid. The permeation enhancement fac-
tor of 1.9, 1.7, 0.62 and 0.52 were obtained with lauric
acid, myristic acid, caprylic and oleic acid, respectively
(Figure 3). The results indicated a significant increase
in flux and shortened lag time (p < 0.05) with lauric acid
(C12) and myristic acid (C14) compared to caprylic acid
(C10) and oleic acid (C18). This finding is in agreement
with the work done by Ogiso et al.* and Elyan et al.*,
who reported that lauric acid has the optimum chain
length (C ,) for permeation enhancement. Ogiso et al.*
suggested that the C,, and C,, hydrophobic groups have
an optimal balance of partition coefficient and affinity
for the skin. That is, the short chain fatty acids have
insufficient lipophilicity for skin penetration, while
long chain fatty acids have a much higher affinity to
lipids in the SC, thereby retarding the penetration by
hydrophobic interaction.

Effect of viscosity on the permeation of ARPZ from

5% gel systems through human cadaver skin

Viscosity is an important physical property of topi-
cal formulations which affect the rate of drug release.
In general, an increase of the viscosity would cause a
more rigid structure with a consequent decrease in the
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Figure 3. Effect of fatty acids on the permeation profiles of ARPZ from 5% gel system across human cadaver skin. Each point represents the

mean * SD of three experiments.

Table 3. Stability of ARPZ solution and gel systems at 40°C/75%
RH.

Table 4. Statistical comparisons of average flux and lag time of
different ARZP gel systems.

% Assay
Solution Gel system Gel system
Time points pH9.8 pH8.2 pH7.0
Initial 99.1 99.6 99.2
4 weeks 97.6 97.8 98.8
8 weeks 97.1 96.7 99.1
12 weeks 96.9 96.5 99.2

rate of drug release®®*. Das et al.” observed an inverse
relationship between in vitro drug release/ex vivo per-
meation rate and viscosity of the gel formulation. In
the present study, Carbopol 971P was used as a gelling
agent, which is a hydrophilic polycyclic acid polymer.
The carboxyl groups of Carbopol become highly ionized
after neutralization forming a gel due to electrostatic
repulsion among charged polymers chains intercon-
nected by cross-link *"*>*, The viscosity and bioadhesive
strength of Carbopol is highly dependent upon the pH*.
The viscosity of ARPZ gel system decreased from 172 cPs
to 77.9 cPs and 42.9 cPs when the pH of the system
changed from 8.2 to 7 and 6, respectively. The flux of
ARPZ from the gel system was increased from 100.5 pg/
cm2/h at pH 8.1 to 388.5 ug/cm2/h and 386.3 ng/cm2/h
at pH 7 and pH 6, respectively (Table 2).

Stability of ARPZ solution and gel systems

Stability data of aripiprazole solution and gel systems at
pH 8.2 and pH 7.0 are presented in Table 3. Data indi-
cated that ARPZ solution and gel system are stable for 3
months at 40°C/75% RH. However, maximum stability
was observed at pH 7.0.

Statistical analysis
Statistical comparisons of flux and lag time of different
ARZP gel systems were made using Student’s t-test ran

P-value
Gel ID Vehicle systems (%) Flux Lag time
Vehicle systems  Ethanol vs. IPM 0.5312 0.0147
pH 8.2vs.6.0 0.0001 0.0209
8.2vs. 7.0 0.0001 0.0314
7.0vs. 6.0 0.8757 0.7822
Fatty acids Caprylic vs. oleic 0.1715 0.8650
Mpyristic vs. lauric 0.2792 0.9856
Caprylic vs. myristic ~ 0.004 0.0031
Caprylic vs. lauric 0.0002 0.0032
Oleic vs. myristic 0.0002 0.0010
Oleic vs. lauric 0.0001 0.0010

Results considered significant at 95% confidence interval
(p<0.05).

on GraphPad Software. Results were considered signifi-
cant at 95% confidence interval (p < 0.05) and p values
are presented in Table 4.

Conclusion

The studies showed that an effective TDS of highly lipo-
philic atypical psychotropic agent, ARPZ, can be for-
mulated by using a quaternary vehicle system of NMP/
DMSOQO/water/IPM at the ratio of 40/40/5/15. The pH of
the delivery system significantly affects the permeability
of ARZP and maximum permeability was observed at pH
6 and pH 7. Fatty acids affect the permeation of ARPZ
differently; lauric acid and myristic acid increase the per-
meation, whereas, caprylic acid and oleic acid decrease
the permeation. The addition of IPM and lauric acid
along with the adjustment of pH to 7 effectively increased
the flux and shortened the lag time of APRZ from TDS.
Therefore, ARPZ in quaternary vehicle system of NMP/
DMSO/water/IPM at ratio of 40/40/5/15 and gel system
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of Carbopol 971P with lauric acid enhancer and pH 7 is
a promising candidate for successful development of an
effective TDS.
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