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TRANSDERMAL DRUG DELIVERY SYSTEMS

1. Backeround of the Invention

Transdermal drug delivery offers a variety of advantages over oral and
intravenous dosage. These include sustained release directly to the bloodstream over
a long period of time, bypass of the gastrointestinal and hepatic elimination
pathways, high patient compliance, and an easily administered dosage form that is
portable and inexpensive.' Passive drug transport across human skin is governed by
Fick’s Law of diffusion. The mass transport equation is given as:

J =l(dﬂ) - PAC

A\ dt

where J is flux (ug cm™ hr''), A is cross sectional area of the skin membrane (cmz),
P is the apparent permeability coefficient (cm hr™'), AC is the concentration gradient
across the membrane, and (dM/dt) is the mass transport rate. Research in the area of
transdermal drug delivery has led to the commercial production of patches for
nitroglycerin,® estrogen,’ testosterone,’ and nicotine.’ Although these represent
major advances for transdermal delivery, these formulations rely primarily on the
natural diffusion of the drug from solution into the bloodstream. Most drugs show
greatly reduced diffusivity through human skin, and thus will not achieve
therapeutic concentrations in the blood. Examples of such drugs include large
molecular weight drugs6 and ionic, hydrophilic drugs.’

One method to counteract this drawback is to include chemical permeation
enhancers. These components are soluble in the formulation and act to reduce the
barrier properties of human skin. The list of potential skin permeation enhancers is
long, but can be broken down into three general categories: lipid disrupting agents
(LDAs), solubility enhancers, and surfactants. LDAs are typically fatty acid-like
molecules proposed to fluidize lipids in the human skin membrane.® Solubility
enhancers act by increasing the maximum concentration of drug in the formulation,
thus creating a larger concentration gradient for diffusion. Surfactants are
amphiphilic molecules capable of interacting with the polar and lipid groups in the
skin.

Another field of research drawn on by this invention pertains to
microemulsion (ME) systems. Characteristics of such systems are sub-micron
droplet size, thermodynamic stability, optical transparency, and solubility of both
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hydrophilic and hydrophobic components.'® ME systems have been investigated as
transdermal drug delivery vehicles, and have been found to exhibit improved
solubility of hydrophobic drugs as well as sustained release profiles.

Previous applications of chemical enhancers relevant to this invention
include formulations containing NMP,"" oleic acid,'? lidocaine,'® and microemulsion
based systems.'*

Summary of the Invention

One aspect of the invention provides a transdermal delivery system including
a drug formulated with a transport chaperone moiety that reversibly associates with
the drug. The chaperone moiety is associated with the drug in the formulation so as
to enhance transport of the drug across dermal tissue and releasing the drug after
crossing said dermal tissue.

The chaperone moiety and drug can be associated, for example, by ionic,
hydrophobic, hydrogen-bonding and/or electrostatic interactions. In certain
exemplary embodiments, the transport chaperone is n-methyl pyrrolidone (NMP),
octadecene, isopropyl myristate (IPM), oleyl alcohol, oleic acid or a derivative
thereof.

In certain exemplary embodiments, the drug is a lidocaine, a prilocaine, an
estradiol or a diltiazem. In certain exemplary embodiments, the drug is a free base,
such as lidocaine HCI, lidocaine free base, prilocaine HCI, estradiol or diltiazem
HCI.

Another aspect of the invention provides a microemulsion system for
transdermal delivery of a drug, which system solubilizes both hydrophilic and
hydrophobic components. For instance, the microemulsion can be a cosolvent
system including a lipophilic solvent and an organic solvent. Exemplary cosolvents
are NMP and IPM.

In certain preferred embodiments, the microemulsion system has an aqueous
phase, a hydrophobic organic phase, and a surfactant phase. For instance, the
microemulsion system has an aqueous phase of water and ethanol, an organic phase
of isopropyl mystate (IPM) and a surfactant phase of Tween 80. Another example
of a microemulsion system has an aqueous phase of water and ethanol, an organic
phase of IPM, and a surfactant phase is Tween 80 and Span 20.

9083445.1



WO 03/066130

20

25

30

PCT/US03/03769

In certain preferred embodiments, the microemulsion system is a water-in-oil

system.

Brief Description of the Drawings
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Transport Chaperone Hypothesis
Schematic of Drug Delivery from Multi-Phasic System

NMP Chaperoning of Lidocaine Free Base from an Organic (IPM)
Solvent

NMP Chaperone of Lidocaine Free Base from an Aqueous (H,O)
Solvent

ME System 1

System 2

System 3

System 4

Ethanol and NMP as Partitioning Agents

IPM/NMP System for the Delivery of Lidocaine Free Base
H,O/NMP System for Lidocaine Free Base Delivery

O/W ME Transport of Lidocaine Free Base Across Stripped Human
Cadaver Skin

O/W ME Transport of Lidocaine HCl Across Stripped Human
Cadaver Skin

O/W ME Transport of Estradiol Across Stripped Human Cadaver
Skin

O/W ME Transport of Diltiazem HCl Across Stripped Human
Cadaver Skin '

IPM/NMP Binary Vehicles Through Stripped Human Cadaver Skin

Correlation of NMP and Lidocaine Steady State Flux Across Stripped
Human SC

Correlation of NMP and Lidocaine Fluxg; in NMP Solvent with
LDAs
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Figure 19: Lidocaine Free Base Flux Through Stripped Human Cadaver Skin in
H,O/NMP Cosolvent ‘

Figure 20: Phase Diagram of Water:Ethanol:IPM:Tween 80 Microemulsion
Figure 21: Phase Diagram of Water:Ethanol:IPM:Tween 80:Span 20

Microemulsion System

Figure 22:  Phase Diagram of Water:IPM:Tween 80:Ethanol Microemulsion
System

Figure 23: Phase Diagram of Water:IPM:Tween 80:Ethanol Microemulsion
System

Figure 24: Estradiol Transport Across Stripped Human Skin in ME Formulation

Figure 25: Diltiazem HCI Transport Across Stripped Human Skin in ME
Formulation

Figure 26: Effect of NMP on Lidocaine Partitioning

Detailed Description of the Invention

The novelty of our invention is the systematic incorporation of permeation
enhancers to create robust drug delivery vehicles. There are three key advances set
forth in this invention. 1) A hypothesis driven schematic by which transdermal drug
delivery can be enhanced. 2) The incorporation of proven permeability enhancers
which meet the specifications of the hypothesis, thus providing specific
enhancement systems based on the proposed schematic. 3) The enhanced delivery of

select drugs utilizing the novel systems.

Example 1: Chaperone-Mediated Transport For Transdermal Delivery

A. Mechanism to Enhance Transdermal Drug Delivery

The basis of our hypothesis for enhancement is the idea of a transport
chaperone (Fig. 1). An ideal chaperone molecule should have the following
properties: high affinity to the drug, solubility in multiple vehicles, rapid permeation
through the skin. The chaperone will reversibly bind to the drug molecule in the
formulation. Because of the inherent permeation of the chaperone through the skin,
it will be able to “pull” the drug across the skin into the bloodstream. As the
complex is diluted in the bloodstream, the interaction will reverse and the drug will
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be released. In this model, a drug was chaperoned into and across the skin. The same
effect could also occur between the chaperone and another permeation enhancer
(such as LDA) to improve its effect.

Our hypothesis further extends to a biphasic formulation, namely an O/W
microemulsion. The advantage of having a biphasic system is the ability to
solubilize both hydrophilic and hydrophobic components. In this system, the
hydrophobic drug must first leave the organic phase and into the bulk aqueous phase
(Fig. 2). This is accomplished through a partitioning agent which increases the
concentration of drug in the outer, aqueous phase. Once in the aqueous phase, the
chaperone described above can enhance transport through the skin. Notice that an
aqueous phase chaperone is also capable of enhancing LDA activity and hydrophilic
drugs from the O/W ME.

B. Proof of Principle

Our hypothesis was verified through in vitro drug flux studies across stripped
human cadaver skin. For the permeation chaperone, n-methyl pyrrolidone (NMP)
was selected as the model molecule due to its miscibility with both organic and
aqueous phases, its high drug solubility, rapid flux through human skin (~10
mg/cm*hr), and hydrogen bonding capability (with free amine and hydroxyl
groups). IR spectroscopy suggests that NMP forms hydrogen bonds with the amino
group of lidocaine free base. The correlation coefficient between lidocaine free base
flux and NMP flux across human skin was large from both an organic (isopropyl
myristate, IPM) solvent (”* =0.97, Fig. 3) as well as from a H,O solvent (Fig. 4, =
0.93). This supports the claim that NMP is capable of acting as a transport
chaperone for lidocaine free base. Further, the chaperoning of LDAs was tested in
vitro. The enhancing effects of the molecules octadecene, IPM, oleyl alcohol, and
oleic acid were determined. From an IPM bulk phase, none of these LDA-like
molecules had any permeation enhancement. However, when NMP was used as the
bulk solvent, there was a clear enhancement of lidocaine flux (Table 1). NMP is
necessary for the LDAs to have an enhancing effect on lidocaine flux. Furthermore,
the molecules capable of hydrogen bonding with NMP (oleyl alcohol and oleic acid
have free hydroxyl groups) show significantly greater effect. This supports the claim
that NMP aids LDA activity through the chaperone hypothesis.

The multi-phase transport of our hypothesis was experimentally evaluated.
We first described novel ME systems with the following components (Figs. 5-8).

9083445.1
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System Aqueous Phase Organic Phase Surfactant Phase
1 H;0:Ethanol (1:1) IPM Tween 80
2 H,0 IPM Tween 80:Ethanol (1:1)
3 H,O IPM Tween 80:Ethanol (2:1)
4 H,O:Ethanol (1:1) 1PM Tween 80:Span 20 (49:51)

All ME systems were able to dissolve 10% w/w of NMP, oleyl alcohol, as well as
other enhancers, and a maximum load of ~30% lidocaine free base and ~25%
lidocaine HCI. Both NMP and ethanol were viable as partition agents described
above. These solvents were able to increase the concentration of hydrophobic drugs
in the aqueous phase and that of hydrophilic drugs in the organic phase (Fig. 9).
Further support of this hypothesis was observed in the finding that O/W
microemulsions exhibited greater flux than W/O microemulsion, owing to the
hypothesis that NMP works primarily from the water phase. This is supported by the
finding that the [TPM]/[H,O] partition coefficient of NMP is 0.02. Additionally, flux
from just the water phase of the system (with the surfactants and organic phase
removed) is statistically equivalent to the O/W ME flux (Table 2). This indicates
that the water phase is the dominant mode of enhancement by NMP. Another
interesting feature of the O/W system is that the simultaneous delivery of both
hydrophilic (diltiazem HCI) and hydrophobic (estradiol) drugs is not diminished
from either drug alone (Table 2).

C. Drug Transport Profiles

The systems described above were applied to the delivery of a number of
drugs. Formulations utilizing the NMP transport chaperone principle were created in
IPM and H;O. Both the IPM/NMP system (Fig. 10) and the HO/NMP system (Fig.
11) showed improved drug delivery characteristics for the model hydrophobic drug
lidocaine free base. The H,O/NMP system was also found to be capable of
providing enhancement for hydrophilic ionic salt drugs (Table 3).

Both the W/O and O/W ME systems were evaluated for drug delivery. This
systems was able to provide significant permeability enhancement for all drugs
tested (Table 4). Transport profiles for lidocaine free base (Fig. 12), lidocaine HCI

9083445.1
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(Fig. 13), estradiol (Fig. 14), and diltiazem HCI (Fig. 15) indicate that steady state is
reached in vitro at about 4 hours.

D. Tables
5 Table 1: NMP Synergy with LDAs
LDA (1% w/v) IPM Solvent NMP Solvent
Lidocaine Fluxg Lidocaine Flux NMP Flux,
(ug/cm?/hr + SD) (ug/cm*/hr + SD) (mg/cm*/hr +SD)
None 1.95+0.22 92+ 15 12.6+ 0.5
Octadecene 1.98 % 0.58 161 £52 15.3+1.2
Isopropyl Myristate — 232+ 120 15.8+3.6
Oleic Acid 1.68 + 0.24 290 £ 103 17.6 £2.0
Oleyl Alcohol 1.97 £ 0.48 402 + 52 20.7+ 1.0

9083445.1
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Table 2: Estradiol and Diltiazem HCI Transport from ME Systems

Formulation Estradiol Diltiazem HCI
Fluxg Permeability Flux,, Permeability
(ug/cm*/hr) (cm/hr » 10°) (ug/cm*/hr) (cm/hr e 10%)
H,0 0.015 +0.006 460 + 183 0.05+0.01 0.015 £0.004
W/O ME 0.053 +0.029 1.1 +£0.6 0.25+0.13 1.2 £0.6
W/0 ME Both Drugs 0.12 £0.06 24+1.2 0.24 £ 0.08 1.2+04
O/W ME 0.27 £ 0.07 58+1.5 1.6 0.3 7.8+1.3
O/W ME Both Drugs 0.23 £ 0.05 50+1.2 1.6+04 7.8+ 1.9
Water Phase 6.5+1.7 6.1 +3.7

Table 3: Flux Enhancement of Hydrophilic HCI Salt Drugs from 1:1 H2O/NMP
Cosolvent through Stripped Human Cadaver Skin

Drug (2% w/v) Flux,s from H,O Fluxs from H,O/NMP Enhancement
(ug/cm?hr + SD) (ug/cm®/hr & SD)
Lidocaine HCI 1.00 +0.22 435+ 1.84 43+2.1
Prilocaine HCI 2.44+0.98 6.3140.14 26+1.0
Table 4: Permeability Enhancement of ME Systems
Permeability Enhancement
(cm/hr o 10°)
Estradiol
IPM <0.1
W/O ME 1.1£0.6 > 11
O/W ME 58+1.5 >58
Diltiazem HCI
H,0 0.015 + 0.004
W/0 ME 1.2+0.6 80
O/W ME 7.8+1.3 520
Lidocaine Free Base
IPM 72+1.1
W/0O ME 40.1x4.5 5.6
O/W ME 123 £36 17
Lidocaine HCI
H,O 0.61 +0.38
W/0 ME 35+03 5.7
O/W ME 18.1 £6.9 30

9083445.1
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Example 2: Evaluation of Chemical Enhancers in the Transdermal Delivery of
Lidocaine

Lidocaine free base is a local anesthetic routinely used in topical
applications. This study aims at investigating the effect of various classes of
chemical enhancers on in vitro drug transport across human and pig skin. The lipid
disrupting agents oleic acid, oleyl alcohol, butene diol, and decanoic acid show no
significant flux enhancement. The binary system of isopropyl myristate/n-methyl
pyrrolidone (IPM/NMP) exhibits a marked synergistic effect on drug transport. This
effect peaks at 25:75 v/v IPM:NMP reaching a steady state flux of 57.6 = 8.4 pg cm’
2 hr'! through human skin. This is 4-fold enhancement over a NMP solution and over
25-fold increase over IPM (p < 0.001). There is a tight correlation of lidocaine flux
with NMP flux (r* = 0.97) over the range of NMP < 75%. IR spectroscopy analysis
of lidocaine solutions indicates that it forms hydrogen bonds in the presence of NMP
solvent. This suggests that NMP may act as a “transport chaperone,” capable of
enhancing the flux of drug molecules if delivered in the IPM/NMP system.

9083445.1
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A. Introduction.

Lidocaine is a widely used local anesthetic for a variety of medical
procedures including treatment of open skin sores and lesions, surgical procedures
such as suturing of wounds, and venipuncture.'® Lidocaine is also a first line anti-
arrhythmic drug when administered to the heart in larger doses.'® The most common
method of lidocaine delivery is through IV or hypodermic injection. When lidocaine
is injected as an analgesic agent, the discomfort caused by the application is
counterproductive to the pain relieving effect of the drug. For purposes such as
preparation for pediatric venipuncture, a painless means to administer lidocaine to
the site of injection would be an important procedure. This makes local transdermal
delivery of lidocaine a likely avenue of research. Transdermal lidocaine products
such as EMLA® cream (AstraZeneca) and Lidoderm® (Endo Laboratories) are
commercially available. However, further improvement in enhancement of
transdermal lidocaine delivery is still desired.

The primary barrier to transdermal drug delivery is the outermost layer of the
skin, the stratum corneum (SC)."” The SC consists of keratinocytes embedded in a
continuous lipid phase, forming a tortuous network preventing the infiltration of
exogenous agents into the body.'® A variety of methods for increasing transdermal
drug transport are currently studied. These include chemical enhancers,'® therapeutic
and low frequency ultrasound,”® iontophoresis,”’ and electroporation.?? While all
these methods are capable of providing significant enhancement of drug delivery, a
simple passive system free of additional machinery would prove most effective for
the local delivery of lidocaine. In this study, the effects of a variety of chemical
permeation enhancers are evaluated for the transdermal delivery of lidocaine free
base.

Chemical enhancers with different proposed mechanisms of action were
tested for their effects alone and in combination. Two main transport pathways have
been proposed through human SC— the polar, aqueous pathway and the lipid
pathway.'” The majority of research on transdermal drug transport to date has been
focused on delivery through the continuous lipid region of the SC. Furthermore,
transport of drug through the aqueous pathway has proven very difficult.” Since
lidocaine free base is a lipophilic molecule (log octanol-water partition coefficient =
2.48), it is reasonable to explore lipid pathway enhancing chemicals to improve drug
flux. The more commonly studied chemical enhancers can be broken down into 3
broad categories. The first is the class of lipid disrupting agents (LDAs), usually

consisting of a long hydrocarbon chain with a cis-unsaturated carbon-carbon double

-10-
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bond.>** These molecules have been shown to increase the fluidity of the SC lipids,
thereby increasing drug transport. In this study, oleic acid, oleyl alcohol, decanoic
acid, and butene diol were investigated as lipid disrupting agents. A second class of
permeation enhancers relies on improving drug solubility and partitioning into the
skin.”® The lipophilic vehicle isopropyl myristate (IPM)*" as well as the organic
solvents ethanol®® and N-methy! pyrrolidone (NMP)29 were studied. A final class of
enhancers consists of surfactants. These molecules have affinity to both hydrophilic
and hydrophobic groups, which might facilitate in traversing the complex regions of
the SC. An anionic surfactant lauryl sulfate (SDS) and a nonionic surfactant
polysorbate 80°° (Tween 80) was tested for their effect on lidocaine delivery.

It has been reported in the literature that combinations of various enhancers
result in a synergistic increase in drug flux that is far greater than either chemical by
itself.>'*? Various combinations of enhancer combinations were tested to identify
useful trends in lidocaine free base delivery. Because of the different solubility of
lidocaine free base in each of the delivery vehicles, saturated solutions were utilized
in each sample to maintain a constant thermodynamic activity of the drug.

Lidocaine free base is a commonly studied drug for transdermal delivery'’

as its hydrophobicity and molecular size (MW 234.3) characterize it as a typical
transdermal drug candidate. By studying the effects of a wide range of chemical
enhancers across both full thickness pig skin and stripped human cadaver skin, some
general trends of transdermal permeation enhancement can be hypothesized.

B. Materials

Drug: Lidocaine free base was purchased from Sigma (St. Louis, MO).
Chemicals: NMP was a generous gift from ISP Technologies, Inc. (Wayne, NJ).
USP grade oleic acid was purchased from Mednique. Polysorbate 80 NF (Tween 80)
was purchased from Advance Scientific & Chem. (Ft. Lauderdale, FL). Isopropyl
myristate (IPM), oleyl alcohol (99%), anhydrous ethyl alcohol, SDS, cis-2-butene-
1,4-diol, decanoic (capric) acid, and phosphate buffered saline tablets (PBS) were
purchased from Sigma (St. Louis, MO). HPLC grade solvents were used as received.
Skin: Human cadaver skin from the chest, back, and abdominal regions was
obtained from the National Disease Research Institute (Philadelphia, PA). The skin
was stored at -80°C until use.

-1l -
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C. Methods

(i) Preparation of Lidocaine Solutions. Sample solutions were prepared in
20 ml glass vials and saturated with drug. In binary systems the sample contained
50% (w/w) of each liquid. All vehicles studied formed miscible, single phase
liquids.

(ii) Determination of Saturation Concentration. All samples were mixed
with a magnetic stir-bar in the presence of lidocaine free base crystals for at least 24
hours at room temperature. The saturated solutions were then syringe filtered
through a 0.2 um filter to remove undissolved drug. Concentrations of the filtered
solutions were determined by HPLC after dilution to a suitable range.

(iii) Preparation of Skin Samples. Human cadaver skin was thawed at room
temperature. The epidermis-SC was separated from the full thickness tissue after
immersion in 60°C water for 2 minutes. Heat stripped skin was immediately
mounted on diffusion cells. Full thickness pig skin was prepared by removing the
dermal tissue from a freshly sacrificed pig. Pig skin samples were subsequently
frozen and stored at -20°C or -80°C.

(iv) Lidocaine Transport Experiments. The skin was mounted onto a side-by-
side glass diffusion cell with an inner diameter of 5 mm. The two halves of the cell
were clamped shut and both reservoirs were filled with 2 ml of phosphate buffered
saline (PBS, 0.01 M phosphate, 0.137 M NaCl, pH 7.4). The integrity of the skin
was verified by measuring the electrical conductance across the skin barrier at 1 kHz
and 10 Hz at 143.0 mV (HP 33120A Waveform Generator). Skin samples measuring
4 — 14 pA at 1 kHz were used for the diffusion studies. Prior to introducing the
donor solution, the skin sample was thoroughly rinsed with PBS to remove surface
contaminants. At t = 0, the receiver compartment was filled with 2.0 ml of PBS,
while 2.0 ml of sample was added to the donor compartment. Both compartments
were continuously stirred to maintain even concentrations. At regular time intervals,
1.0 ml of the receiver compartment was transferred to a glass HPLC vial. The
remaining solution in the receiver compartment was thoroughly aspirated and
discarded. Fresh PBS (2.0 ml) was dispensed into the receiver compartment to
maintain sink conditions. At 21 hours, the experiment was terminated. After both
compartments were refilled with PBS, the conductance across the skin membrane
was again checked to ensure that the skin was not damaged during the experiment.
All flux experiments were conducted in triplicate at room temperature. The observed

-12-
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variability of the individual drug transport values was consistent with the previously
established 40% intersubject variability of human skin.**

(v) IPM/NMP Binary Vehicle Transport. The two miscible liquids were
mixed in the specified v/v ratios, with 2% w/v lidocaine free base added. Flux cells
were set up as described above. At t = 4, 21, 23, 25 hours, the transport of drug
across the skin was measured by HPLC. Steady state conditions were taken as the
average of the final 2 time points.

(vi) Quantification of Lidocaine. Lidocaine was assayed by high pressure
liquid chromatography (Shimadzu model HPLC, SCL-10A Controller, LC-10AD
pumps, SPD-M10A Diode Array Detector, SIL-10AP Injector, Class VP v.5.032
Integration Software) on a reverse phase column (Waters uBondapak™ C;g 3.9x150
mm) using ddH,O (5% acetic acid, pH 4.2)/acetonitrile (35:65 v/v) as the mobile
phase, under isocratic conditions (1.6 mL/min) by detection at 237 nm. The retention
time of lidocaine under these conditions was between 3.4 and 4.3 minutes. Standard
solutions were used to generate calibration curves. NMP was quantified on a Waters
Symmetry® C;3 Sum, 3.9x150 mm column (WAT046980). The mobile phase
consisted of ddH,O:methanol (95:5) at a flow rate of 1.2 ml/min. Chromatograms
were integrated at a peak of 205 nm, with retention time at 3.8-4.8 min.

(vii) Calculations. The total mass of drug transported across the skin was
determined by HPLC. The flux equation gives:

F = l(dﬂ) = PAC
A\ dt

where F is flux (ug cm? hr'), A is cross sectional area of the skin membrane
(cm?), P is the apparent permeability coefficient (cm hr'), and AC is the
concentration gradient. In this experiment, AC is taken as the saturation
concentration (given infinite dose and sink conditions), and dM/dt is averaged as the
total mass transport over the time course of the experiment. Statistical analyses were
performed by the Student’s t-test.

D. Results

(i) Lidocaine Free Base Solubility. The maximum concentration of drug in
an application vehicle is an important element determining transdermal flux.
According to Fick’s Law of diffusion, flux across a membrane scales linearly with
concentration. The maximum level of drug transport across the skin should occur
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when the donor solution is saturated with drug. The solubility of a drug in various
solutions also gives indications of molecular interactions such as hydropobicity,
hydrogen bonding capability, and pH dependence.

Due to the lipophilicity of lidocaine free base, its solubility in aqueous media
was limited. The saturation concentration of lidocaine free base in water was over 60
times less than its solubility in a hydrocarbon oil such as isopropyl myristate (IPM).
Although the addition of the anionic surfactant SDS (CMC = 0.2%) at 10 mg/ml
improved the solubility of the hydrophobic drug in water, the saturation point
remained too low to provide appreciable flux. The solubility of lidocaine free base in
the hydrophobic enhancers was in the 300-400 mg/ml range (Table 5). The two
solvents that significantly improved the saturation concentration of lidocaine free
base were ethanol (618 mg/ml) and NMP (733 mg/ml).

(ii) Permeability of Lidocaine Free Base. The in vitro permeability of
lidocaine free base across stripped human skin and full thickness pig skin gives an
indication of the enhancing effect of each chemical beyond their ability to improve
drug saturation concentration. The permeability of lidocaine free base in saturated
neat enhancer solutions is given in Table 5. Although the apparent permeability of
lidocaine from the two aqueous solutions (H,O and 1% SDS) appear significant
compared to the other samples, they should be discounted as viable delivery vehicles
due to their minimal lidocaine saturation point. The physical flux of lidocaine free
base across human skin in vitro from water was 10.8 + 1.95 pg cm™ hr' as
compared to 20.4 * 3.02 pg cm™ hr' from an IPM solution. This significant
difference (p < 0.001) makes water a poor candidate as a transdermal vehicle. A
similar trend was seen in full thickness pig skin.

(iii) LDAs. The chemical enhancers with lipid-disrupting ability (oleyl
alcohol, oleic acid, butene-diol) did not show significant improvement of lidocaine
permeability or flux. In fact, the flux and permeability of lidocaine free base in the
presence of these enhancers was either statistically equivalent or below that of IPM

solution.

(iv) Solubility/Partition Enhancers. Permeability experiments across both
human and pig skin indicated that the two chemical enhancers with highest drug
solubility were poor permeation enhancers. The permeability of lidocaine free base
in saturated solutions of ethanol and NMP did not surpass that of [PM. By
themselves, these two solvents appeared to be able to increase drug flux only by
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improving drug solubility. These skin penetration enhancers were unable to
markedly increase lidocaine free base permeability as neat enhancer solutions.

(v) Surfactants. The two surfactant enhancers studied (SDS and polysorbate
80) did not significantly increase drug flux. Among the two aqueous donors (H,O
and 1% SDS), there was no statistical difference between the permeability of
lidocaine through human or pig skin. SDS was capable of increasing the solubility of
lidocaine free base, but it had no noticeable enhancing effect on skin permeability.
Polysorbate 80 tended to increase the viscosity of the solution and had a severely
negative effect on drug transport (data not shown).

(vi) Permeability in Cosolvent Systems. To evaluate possible synergistic
interaction between the studied enhancers, 1:1 ratios of selected chemicals were
mixed to form cosolvent systems (Table 6). It has been previously reported that
combining transdermal chemical enhancers can greatly improve drug transport
through human skin.*® For practical purposes, [PM was selected as the bulk oil
phase to be mixed with other enhancers. It is a molecule consisting of a long
hydrocarbon chain, satisfying the hypothesis that lidocaine free base is transported
best through a hydrophobic vehicle. IPM is also inexpensive, easy to work with, and
exhibited the best in vitro permeability of the studied enhancers. Cosolvents of [PM
were made with oleyl alcohol, oleic acid, decanoic acid, and NMP. Decanoic acid is
chemically similar to oleic acid, and may act in the skin as a lipid disrupting agent.
In these cosolvent systems the LDAs had no enhancing effect on lidocaine free base
permeability. The trend appears similar to that of the neat solvents, suggesting that
mixing these LDAs with IPM did not result in pronounced enhancement. The only
IPM/cosolvent system that had a significant effect on permeability across stripped
human skin was the IPM/NMP system (p < 0.005). Because of the higher drug
solubility of this NMP containing system, the total transdermal flux across human
skin (165 £ 27 pg em™ hr') was roughly 8-fold greater than that of just an IPM
vehicle, and over 6-fold better than a saturated NMP system (p < 0.001). A similar
trend was seen in full thickness pig skin (Table 6).

(vii) IPM/NMP Cosolvent Flux. From these experiments, an [PM/NMP
cosolvent system appeared to exhibit the best flux. To further investigate this effect,
the two enhancers were mixed in varying ratios in the presence of 2% lidocaine free
base (Table 7). Between 10% and 75% NMP concentration, the increase in lidocaine
flux scaled linearly with NMP concentration. Lidocaine flux was equivalent at 75%
and 90% NMP (p > 0.5), and increasing to 100% NMP reduced flux to 26% of its
previous value (Figure 16). When the flux of NMP through the skin of the same
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vehicles was tested, it produced similar results (Figure 17). In the range of linear
flux increase (10-75% NMP), there was a corresponding linear increase in NMP flux
(r2 = 0.97). When NMP concentration was increased to 90% and 100%, the total
NMP flux from the vehicle decreased.

(viii) IR Analysis of Lidocaine Systems. To gain a better understanding of
why IPM/NMP is a good transdermal enhancer for lidocaine, IR spectra of drug
solution in various vehicles was obtained. From the saturation study, it was
established that NMP is the best lidocaine free base solvent of the chemicals studied.
However, the permeability from the IPM/NMP cosolvent system suggests that there
was an effect other than improving donor concentration. In IR spectra of lidocaine
free base in NMP, the amide group band was shifted lower, suggesting hydrogen
bonding by NMP. The potential of NMP to form hydrogen bonds with the amide
group of lidocaine may facilitate the transport of drug through SC.

E. Discussion

This evaluation of chemical permeation enhancers on lidocaine free base
transport across human skin expands the current knowledge of the effectiveness of
transdermal enhancers. There currently exists a large collection of chemicals
believed to enhance transdermal drug delivery, yet their benefits have been difficult
to apply broadly to multiple drugs. In this study, lidocaine free base was selected as
a model drug to aid in the understanding of the relative effectiveness of some of the
more widely used chemical enhancers.

Due to the continuous lipid regions in the stratum corneum, it is currently
believed that passive transdermal diffusion occurs predominantly through the lipid
phase of the skin>* For this reason, hydrophobic drugs generally have better
transport through skin while water soluble ionic drugs have very limited
permeability.* This relation holds true for lidocaine free base. Because of its limited
solubility in water, the amount of drug transported from this phase is less than from
an oil phase vehicle. Lidocaine also exists as a hydrophilic hydrochloride salt
(lidocaine HCI). As expected, both the flux and the permeability of lidocaine HCI
through human skin is an order of magnitude less than for the free base (Data not
shown). Based on these observations, we decided to investigate lipophilic enhancers.

A common class of such enhancers is the LDAs. These hydrophobic
molecules are believed to fluidize the stratum corneum lipids and reduce its barrier
properties. In the case of lidocaine free base, none of these agents improved the
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permeability of drug across the skin. Saturated solutions of oleyl alcohol, oleic acid,
butene-diol, and decanoic acid yielded very poor lidocaine free base transport. (1%
oleyl alcohol in IPM also had no statistical improvement.) This result might be
explained by the hypothesis that transport of relatively small molecules such as
lidocaine free base are not severely hindered by lipid bilayers.' 7% Altering the
bilayer properties in this case will not result in dramatic flux increases. In order to
enhance lidocaine permeability, an enhancer must target a step of the transport
process that is rate determining.

NMP and its derivatives are widely used chemical enhancers which have
produced significant results in the transport of various drugs.'®* More recently, they
have been used in conjunction with more lipophilic molecules to enhance
partitioning of more hydrophilic drugs into the skin."” Although NMP by itself is an
exceptional solvent for drugs, our experiments show that it does not greatly improve
the permeability of lidocaine free base. However, combining NMP with [PM results
in substantial flux improvement. In 2% lidocaine systems, the maximum flux occurs
between 75% and 90% NMP, with a linear relationship below 75% NMP. This
relationship may be useful by allowing the control of drug flux by adjusting NMP

concentration in the vehicle.

The synergy observed in saturated IPM/NMP systems in vitro could be
explained by an osmotic pressure gradient into the donor compartment that retards
the flux of drug. NMP is freely miscible in water, and has a high affinity for it. An
osmotic gradient is created between the donor compartment (>700 mg/m! lidocaine
free base) and the receiver compartment (PBS). Since water diffuses through human
skin fairly readily, the osmotic pressure will drive water from the receiver into the
salt rich donor compartment. We observed that lidocaine crystals precipitate from
the donor compartment as it becomes infused with water. This reverse gradient
could explain the reduced lidocaine transport from a saturated NMP solution. A
rationale for the synergy of the IPM/NMP cosolvent system is the hydrophobic
nature of IPM. Since IPM is not miscible with water, its presence in the donor
compartment might deter the flux of water across the skin. In the absence of this
osmotic pressure effect (2% lidocaine load), NMP shows improved transport
properties. At this concentration, the permeability is over 25-fold better than
saturated NMP.

At low drug concentration (2% lidocaine), a different [PM/NMP interaction
likely occurs (Figure 16). Below a threshold of ~10% NMP, there is little effect on
drug flux enhancement. Above this concentration, NMP permeability reaches a high
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level, and remains constant in the 10% to 75% NMP range. Increasing NMP beyond
this level quickly diminishes permeability. The reason for this is unclear, but may
stem from molecular interactions between NMP, IPM, and lidocaine. A possible
hypothesis is that when NMP is close to 100% of the solution, it forms solvent-
solvent bonds which make leaving the donor compartment unfavorable. When the
non-polar IPM is introduced, it disrupts these interactions and pushes the NMP
equilibrium into the donor. The exact mechanism is an avenue of further research.

From our experiments, we conclude that NMP is the preferred transdermal
enhancer. Its method of action is most likely through improving the partitioning of
lidocaine free base through the SC barrier. This process may be facilitated by
hydrogen bonding between NMP and the drug, as suggested by IR spectroscopy.
Experimentally, there was strong correlation between NMP flux and lidocaine flux.
This raises the possibility that NMP may act as a “molecular chaperone” to enhance
drug delivery. NMP displays very high permeability through human SC (1.80107
cm hr'! in the NMP/IPM systems), which may serve as a driving force for lidocaine
free base flux. This same property should also apply to other drugs which hydrogen
bond with NMP.

PCT/US03/03769

F. Tables
Table 5: Effect of Chemical Enhancers on Lidocaine Transport
Stripped Human Cadaver Skin Full Thickness Pig Skin
Sample Saturation | Time Averaged | Time Averaged Time Averaged Time Averaged
Concentra Permeability Flux Permeability Flux
tion (cmhr' e 10°) + (cm hr' ¢ 10°) £
(mg/ml) SD (ngecm™ehr™) SD (ugecm?ehr') +
+SD SD
H,O 4.5 238 £43 10.8 + 1.95 6.93 +3.46 0.496 £ 0.248
1% SDS 83 246 + 168 213t 146 9.29 +3.60 0.804 £ 0.312
in H,O
IPM 246 7.17 £1.06 20.4 £3.02 0.515+£0.117 0.847+£0.192
NMP 733 2.92 £0.42 26.8 + 3.86 0.120 £ 0.007 0.706 £ 0.043
Oleyl 361 3.68 £1.59 14.5 £ 6.28 — —
Alcohol
Oleic Acid 428 0.61 £0.28 4.04 +1.83 — —
Butene 386 1.18 £0.47 4.56 +1.80 — —
Diol
Ethanol 618 5.14£3.55 31.7£219 0.0649 £ 0.0190 0.182 £ 0.053

Table 6: Effect of 1:1 Cosolvent Systems on Lidocaine Transport

9083445.1
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Stripped Human Cadaver Skin Full Thickness Pig Skin
Sample | Saturation | Time Averaged | Time Averaged Time Averaged Time Averaged
Concentra Permeability Flux Permeability Flux
tion (cmhr'e10°)+ | (ugecm?Zehr) | (cmhr'e 10+ | (ugecm?ehr') £
(mg/ml) SD +SD SD - SD
IPM 246 7.17+£1.06 20.4 +3.02 0.515+0.117 0.847 £0.192
IPM/NMP 365 20.0+£6.92 53.4+£185 1.37 £ 0.69 3.64 +1.83
9:1 -
IPM/NMP 641 18.9+3.10 165 +27.1 0.965 £ 0.521 278 £1.50
1:1
NMP 733 2.92+042 26.8 +3.86 0.120 +0.007 0.706 + 0.043
IPM/Oleyl 345 3.62+1.12 17.7+£5.48 — —
Alcohol
IPM/Oleic 355 4.93 £0.57 325+£3.73 - —
Acid
IPM/Deca 309 2.47+1.50 7.64 + 4.65 — —
noic Acid

Table 7: Lidocaine Transport from [PM/NMP Cosolvent Systems Through Stripped Human

Cadaver Skin
Lidocaine NMP
% NMP NMP Flux,, 24 Hour Flux, 24 Hour
(viv) (mg/ml) Transport Transport
(g cm? hr') + (ng) £ SD (ug cm? hr') + SD (ng) + SD
SD
0 0 1.98 +0.57 314+64 0 0

10 105 4,69 +0.84 99.7+25.7 1.46 £0.9 22.8+3.7
25 259 16.4 £ 0.5 443+ 73 5.40 £0.49 83.6£5.7
50 518 32.5+4.0 731+ 179 9.01 £0.84 112£5.3
60 620 407+ 1.2 729+ 72 11.2+1.2 134+ 13

75 778 56.7+4.9 1040 + 50 14.0+£0.9 1616

90 935 57.6 + 8.4 907 +2 11.7£0.1 128 + 1
100 1040 154+ 0.6 333+£25 10.7£0.2 115+0.2

9083445.1
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G. Conclusion

NMP is capable of enhancing transdermal delivery by chaperoning lidocaine
across human skin. The maximum lidocaine flux occurs from a solution of 25:75
[PM/NMP. There is strong correlation between NMP flux and lidocaine flux across
skin samples. It is hypothesized that NMP participates in drug transport via
hydrogen bonding. The high lidocaine flux obtained from the IPM/NMP cosolvent is
a promising indication of the utility of this vehicle for transdermal drug delivery.
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Example 3: Chaperone-Mediated Transport For Transdermal Delivery

The interaction between chemical enhancers in a transdermal formulation is
crucial to its function. In this study, n-methyl pyrrolidone (NMP) was studied as a
water phase enhancer for lidocaine free base transport. It has been proposed that
NMP acts as a flux chaperone via hydrogen bonding with solutes. This paper
supports this hypothesis by finding that lipid disrupting agents (LDAs) capable of
hydrogen bonding with NMP provide better lidocaine free base flux than analogous
non-hydrogen bonding molecules. It was also found that NMP is capable of the
chaperone effect above 50% v/v in H,O for lidocaine free base. Addition of the LDA
oleic acid improved flux up to 6-fold in the presence of NMP (35.1 ng/cm?/hr). The
H,O/NMP (50% v/v) system increased the flux of the hydrophilic ionic salt drugs
lidocaine HCI and prilocaine HCI 4.3 and 2.6 fold, respectively. These findings
support the NMP chaperone hypothesis and suggest that NMP is capable of
enhancing hydrophilic, ionic drugs from an aqueous solution.

A, Introduction

Transdermal drug delivery is a promising route for the administration of
therapeutic agents to the bloodstream painlessly and in a controlled manner.**!
Current methods which have been developed to improve transdermal transport
include chemical enhancers,* therapeutic and low frequency ultrasound,*?
iontophoresis,* and electroporation.’ It is crucial to investigate passive chemical
enhancer systems because once favorable chemical interactions are found, they can
be applied to the other means of transdermal enhancement.*® Theoretical
frameworks have been proposed to explain the effects of molecular size,"

48,49 50,51

diffusion, and partitioning across bilayer membranes. However, one of the

more complex parameters affecting transdermal drug delivery is the interaction of
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the constituents in the enhancer formulation.®> Although combining chemical

5354 the mechanism of this

enhancers often results in greatly improved drug flux,
effect is often difficult to determine. This paper will focus on the chemical enhancer
n-methyl pyrrolidone (NMP) as a flux chaperone as well as its role in an aqueous

solvent.

Although there is no broad theoretical model predicting solute-solvent
interactions in transdermal flux, it has been shown in previous experiments that
strong relationships can exist.”>*® Results across model membranes indicate that
solute flux is proportional to solvent uptake. Furthermore, this parameter can be
predicted based on solubility, MW, and hydrogen bonding interactions. Our
previous work with NMP suggests that it is capable of enhancing lidocaine free base
transport across human skin. It has been hypothesized that this is mediated through
hydrogen bonding between NMP and the amide group of lidocaine free base. When
in the presence of the highly lipophilic solvent isopropyl myristate (IPM), NMP
exhibits significant enhancement properties for lidocaine free base transport. It was
also found that the degree of drug flux correlated closely with the amount of NMP
flux across the skin. This finding supported the hypothesis that NMP can act as a
chaperone for transdermal transport across human skin. An important question
addressed by the current study is whether NMP in a water phase solvent is capable
of the same enhancement.

An enhancer capable of improving drug flux from the water phase would
greatly expand the current repertoire of transdermally deliverable drugs. The
primary barrier to drug transport across human skin is the stratum corneum.”’ Due to
the nature of this lipid membrane, aqueous phase transport has proven
difficult.’®**** NMP was investigated as a possible water phase flux enhancer due to
its miscibility with water and earlier reports of improved transdermal delivery.®'$2¢
Additionally, based on the hypothesis of hydrogen bonding between NMP and
formulation solutes as a means of enhancement, the effect of lipid disrupting agents
(such as oleic acid)("t’65 should also be aided by NMP. The flux enhancement of
analogous 18 carbon molecules with different end groups (and thus differing
hydrogen bonding capacity) was used to test this hypothesis. Lidocaine free base
was selected as the model drug as its interaction with NMP has been previously
studied. It can also be derived as a water soluble, ionic salt (lidocaine HCI). NMP
systems were further investigated to determine whether they are capable of
providing enhancement of the hydrophilic ionic drugs lidocaine HCI and prilocaine
HCI.
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B. Materials

Drugs: Lidocaine free base, lidocaine HCI, and prilocaine HCl were
purchased from Sigma (St. Louis, MO). Chemicals: NMP was a generous gift from
ISP Technologies, Inc. (Wayne, NJ). USP grade oleic acid was purchased from
Mednique. Isopropyl myristate (IPM), 9-octadecene, oleyl alcohol (99%), anhydrous
ethyl alcohol, and phosphate buffered saline tablets (PBS) were purchased from
Sigma (St. Louis, MO). HPLC grade solvents were used as received. Skin: Human
cadaver skin from the chest, back, and abdominal regions was obtained from the
National Disease Research Institute (Philadelphia, PA). The skin was stored at -
80°C until use.

C. Methods

(i) Preparation of Drug Solutions. Sample solutions were prepared in 20 ml
glass vials and loaded with drug. All vehicles studied formed miscible, single phase
liquids.

(ii) Preparation of Skin Samples. Human cadaver skin was thawed at room
temperature. The epidermis-SC was separated from the full thickness tissue after
immersion in 60°C water for 2 minutes. Heat stripped skin was immediately

mounted on diffusion cells.

(iii) Transport Experiments. The skin was mounted onto a side-by-side glass
diffusion cell with an inner diameter of 5 mm. The two halves of the cell were
clamped shut and both reservoirs were filled with 2 ml of phosphate buffered saline
(PBS, 0.01 M phosphate, 0.137 M NaCl, pH 7.4). The integrity of the skin was
verified by measuring the electrical conductance across the skin barrier at 1 kHz and
10 Hz at 143.0 mV (HP 33120A Waveform Generator). Skin samples measuring 4 —
10 pA at 1 kHz were used for the diffusion studies. Prior to introducing the donor
solution, the skin sample was thoroughly rinsed with PBS to remove surface
contaminants. At t = 0, the receiver compartment was filled with 2.0 ml of PBS,
while 2.0 ml of sample was added to the donor compartment. Both compartments
were continuously stirred to maintain even concentrations. At regular time intervals,
1.0 ml of the receiver compartment was transferred to a glass HPLC vial. The
remaining solution in the receiver compartment was thoroughly aspirated and
discarded. Fresh PBS (2.0 ml) was dispensed into the receiver compartment to
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maintain sink conditions. At 24 hours, the experiment was terminated. After both
compartments were refilled with PBS, the conductance across the skin membrane
was again checked to ensure that the skin was not damaged during the experiment.
All flux experiments were conducted in triplicate at room temperature. The observed
variability of the individual drug transport values was consistent with the previously
established 40% intersubject variability of human skin.%

(iv) LDA Chaperoning. 1PM solutions of 2% (w/v) lidocaine free base and
1% (w/v) LDA were mixed in 20 ml glass vials. The LDA’s included octadecene,
oleyl alcohol, and oleic acid. Similar solutions with NMP as the solvent were also
obtained. The flux of lidocaine free base and of NMP through human cadaver skin
was determined as detailed above.

(v) HyO/NMP Binary Vehicle Transport. The two miscible liquids were
mixed in the specified v/v ratios, with 2% w/v lidocaine free base added. Flux cells
were set up as described above. At t = 20, 22, 24 hours, the transport of drug across
the skin was measured by HPLC. Steady state conditions were taken as the average
of the final 2 time points. After 24 hours, the drug solution was removed and the
skin rinsed with PBS. Two ml of the equivalent H,O/NMP mixture with 1% oleic
acid (v/v) was then added to the donor compartment of the flux cell. The effect of
this solution on drug transport was measured by HPLC after an additional 6, 7, and 8
hours.

(vi) Hydrophilic Drug Transport. The water soluble drugs lidocaine HCl and
prilocaine HCI were dissolved in 2% (w/v) doses in 1:1 H;O:NMP (v/v). Flux
through stripped human skin was compared with flux of the same drugs through
distilled water. After 24 hours, oleic acid (1%) was introduced to the donor solutions
of the lidocaine HCI samples. All drug concentrations were analyzed by HPLC.

(vii) NMP Patitioning. Distilled water (2 ml), IPM (2 ml), and NMP (40 ul)
were thoroughly vortexed in a glass tube. After equilibrating for 1 hour, the sample
was centrifuged at 14,000 rpm for 6 minutes and separated into 2 phases. Samples of
each phase were taken to determine NMP concentration by HPLC.

(viii) Quantification of Transport. Lidocaine was assayed by high pressure
liquid chromatography (Shimadzu model HPLC, SCL-10A Controller, LC-10AD
pumps, SPD-M10A Diode Array Detector, SIL-10AP Injector, Class VP v.5.032
Integration Software) on a reverse phase column (Waters pBondapak™ C,5 3.9x150
mm) using ddH,O (5% acetic acid, pH 4.2)/acetonitrile (35:65 v/v) as the mobile
phase, under isocratic conditions (1.6 mL/min) by detection at 237 nm. The retention
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time of lidocaine under these conditions was between 3.4 and 4.3 minutes. Standard
solutions were used to generate calibration curves. The same HPLC method was
utilized for prilocaine HCI, with the exception that it was measured at 254 nm. NMP
was quantified on a Waters Symmetry® C;g Spm, 3.9x150 mm column
(WAT046980). The mobile phase consisted of ddH,O:methanol (95:5) at a flow rate
of 1.2 ml/min. Chromatograms were integrated at a peak of 205 nm, with retention
time at 3.8-4.8 min.

(ix) Calculations. The total mass of drug transported across the skin was
determined by HPLC. The flux equation gives:
! (dﬂ) PAC
dt

where J is flux (ug cm™ hr"), A is cross sectional area of the skin membrane (cm?),
P is the apparent permeability coefficient (cm hr'), and AC is the concentration
gradient. In this experiment, AC is taken as the donor concentration (assuming
infinite dose and sink conditions), and dM/dt is averaged as the total mass transport
over the time course of the final two time points. Statistical analyses were performed
by the Student’s t-test.

D. Results

(i) LDA Chaperoning. Flux of lidocaine free base through human cadaver
skin from IPM solutions is given in Table 8. There is no statistical significance (p >
0.40) among any of the IPM samples. When NMP is used as the bulk solvent, there
is a trend of increasing lidocaine free base flux from no LDA, octadecene, IPM,
oleic acid, oleyl alcohol. All four lipid compounds improve drug flux over neat
NMP (p < 0.05). The best enhancer, oleyl alcohol is statistically better than IPM and
octadecene (p < 0.05). The flux of NMP from these solutions closely matches that of
lidocaine transport, with a R? value of 0.93 (Figure 18).

(ii) H;O/NMP Binary Cosolvent. Lidocaine free base (2% w/v) transport
was investigated in varying combinations of HO/NMP (Table 9). Because lidocaine
free base is sparsely soluble in water, the 80%, 90%, and 100% H,0O samples were
saturated below 2% drug. Both the flux and permeability of drug at varying NMP
concentration results in a V-shaped curve. NMP does not begin transporting across
the skin unless it is above ~50% of the donor solution. Plotting the NMP and
lidocaine fluxes for %NMP > 50% results in a strong correlation (R? value of 0.98).
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When 1% oleic acid is used, the flux of the hydrophobic drug increases. The
samples with greater NMP flux (in the absence of oleic acid) showed improved
enhancement when oleic acid is introduced. Specifically, at 40% NMP (poor NMP
flux), oleic acid had no effect (p > 0.5) while at 80% NMP the flux enhancement
was over 6-fold (35.1 pg/cm?/hr).

(iii) Hydrochloride Salt Transport. The flux of the hydrochloride salt drugs
lidocaine HCI and prilocaine HCI were investigated in H;O/NMP (50% v/v). NMP
appears to be capable of improving the flux of the two drugs roughly 2-4 fold (Table
10). The addition of 1% oleic acid to H;O/NMP in does not affect lidocaine HCI
flux (p > 0.5). When an IPM/NMP (50% v/v) system was utilized, the lidocaine HCI
flux was even greater (15.7 + 7.9 pg/cm*hr). This was accompanied by a
significantly larger NMP flux through the skin.

(iv) IPM/H>O Partitioning of NMP. The relative concentration of NMP was
determined from an equilibrium mixture of H,O and IPM. NMP was found to
partition 98% in the water phase (IPM/H,0 = 0.02 + 0.001).

E. Discussion

The role of NMP as an aqueous phase transdermal chemical enhancer was
studied in this experiment. We tested one hypothesis that NMP acts as a chaperone
molecule, facilitating solute transport into and across human skin via hydrogen
bonding. Interactions among formulation components is an important field of study
in transdermal drug delivery. Although some research has been done regarding
hydrogen bonding between solutes and artificial membranes,®’ flux enhancement as
a result of hydrogen bonding between two co-transported species is not well
understood.

It is proposed that NMP is capable of improving the efficacy of enhancing
agents such as LDAs. Based on molecular structures, oleic acid and oleyl alcohol
should have greater hydrogen bonding capacity with NMP than octadecene and
IPM. The free hydroxyl groups of these two molecules are capable of hydrogen
bonding with the NMP oxygen. Table 8 indicates that all 4 lipid disrupting-like
agents have statistically equivalent effects on lidocaine free base transport from an
IPM solvent. From these results, it is clear that none of these chemicals have an
enhancing effect on lidocaine flux from the hydrophobic solvent. However, if the
same agents are used in conjunction with an NMP solvent, there is a definite
enhancing effect. The addition of each of the LDA-like molecules (1% v/v) improve
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drug flux over neat NMP solution (p < 0.05). It is also apparent that both lidocaine
free base and NMP flux from these systems follows the trend predicted by hydrogen
bonding, with flux from oleic acid and oleyl alcohol systems being greater than IPM
or octadecene. This suggests that from an IPM solution, the hydrophobic LDAs are
incapable of affecting the skin membrane. One possible explanation is that the LDAs
have such high affinity for the donor solvent that they do not partition into the skin.
Once they are in the environment of a polar solvent (NMP), the LDAs are capable of
partitioning into the hydrophobic stratum corneum. When present in the skin, the
lipid disrupting agents are thought to reduce the barrier properties of the stratum
corneum, and improve drug permeability by creating disorder in the lipids.”> The
subsequent enhancement in both NMP flux and lidocaine free base flux can be
explained by this effect of the LDAs.

Both NMP and the LDAs enhance the transport of each of the other
components in the formulation, resulting in significantly improved drug flux.
Although the exact mechanism is not clear, the results from this experiment can be
explained in the following manner. The LDAs are in an environment favorable to
their partitioning into the skin. As NMP has a high inherent flux through skin (12.6
+ 0.5 mg/cm?/hr), it is able to facilitate the transport of the LDA into the skin via the
hypothesis of hydrogen bonding. This, in turn, reduces the barrier properties of the
skin, and improves NMP and drug flux. As NMP flux increases, it will cause an
increase in drug flux due to its proposed chaperoning ability. This is supported by
the high correlation (> = 0.93) between NMP and lidocaine free base flux in the
formulations. Even with the large differences in LDAs and drug flux across the
samples, there exists a tight relationship between the flux of NMP and drug,
supporting the claim that there is indeed an interaction between the two molecules.

When NMP was used in conjunction with a water solvent, the results differed
from that obtained with [PM/NMP. Two important characteristics of the synergy
curve are markedly different: the magnitude and shape. The steady state flux of
lidocaine free base from an H,O/NMP system is significantly lower than an
IPM/NMP system. The finding that NMP flux is lower from water than from IPM is
not surprising. Because NMP partitions almost exclusively into the water phase from
an [PM mixture ([IPM]/[H,0] = 0.02), it is much more likely to leave a donor
solution of IPM into a receiver compartment of PBS than to partition from water to
PBS. In the water phase, NMP flux is driven only by a concentration gradient.
However, when IPM is the bulk solvent, the partitioning of NMP serves as an
additional driving force.
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From a water phase system (Table 9), it appears that NMP has essentially
zero flux out of the formulation until it reaches a concentration of about 50% (v/v).
This might be explained by the fact that NMP has very high affinity for water. In
small quantities, NMP may be completely solvated by water and thermodynamically
unable to partition into the hydrophobic skin membrane. Even at 50% (v/v) NMP,
there is still a 6:1 molar excess of water molecules in the system. Only when NMP
exists at suitable concentrations is it free to transport across the skin. From 50-100%
NMP, there is a steady increase in NMP flux across the skin (Figure 19). In this
range, it is observed that lidocaine free base flux also increases proportionally to
NMP flux (* = 0.98). This supports the hypothesis that NMP acts as a drug
chaperone. At and below 50% NMP, when its flux is negligible, there is no
enhancement of lidocaine flux. In fact, the data seems to support that from 0-50%
(v/v) NMP, lidocaine flux is retarded by increasing NMP. Lidocaine free base has a
high permeability from water (13.3 + 2.3 o 10* cm/hr), and the addition of NMP
reduces this value by 98% (0.24 + 0.05 e 10 cm/hr) at a concentration of 50%
NMP. The interaction of NMP with water limits the permeability of lidocaine free
base across human skin. A possible explanation of this result is that in the absence of
NMP flux across the skin, the hydrophobic lidocaine free base molecules have
increased affinity for the donor phase (with NMP as a solvent) and are less likely to
partition into the skin. Further evidence of the NMP chaperone hypothesis is given
by the observation that oleic acid is ineffective as an enhancing agent unless there is
significant NMP flux through the skin. This is consistent with the finding in Table 8
where the absence of NMP flux renders the LDA ineffective.

Although the H,O/NMP system is not as beneficial as IPM/NMP in
improving the flux of the model drug lidocaine free base, its transport does support
the hypothesis that NMP is capable of acting as a chaperone in the water phase. This
claim is further supported by the transport of the hydrophilic drugs lidocaine HCI
and prilocaine HCI from the H;O/NMP system. Both of these drugs are highly water
soluble ionic compounds, making transdermal transport difficult.?® From the data
(Table 10), it appears that H,O/NMP is capable of providing some flux enhancement
for these drugs. Interestingly, when oleic acid (1% v/v) was added to the lidocaine
HCI sample, the flux was unaffected (p > 0.5). A possible hypothesis suggested by
this observation is that the transport of lidocaine HCI goes through a pathway which
is not limited by lipid bilayers. If this is the case, then NMP may be able to act as an
enhancer in the aqueous transport pathway as well as the more commonly studied
lipid route. Although the extent of this enhancement may be improved in numerous

-28.-
9083445.1



10

WO 03/066130

PCT/US03/03769

ways, the finding that NMP can be effective in improving the delivery of
hydrophilic, ionic drugs opens up a wide area of investigation.

F. Tables
Table 8: Lidocaine and NMP Flux with LDA
LDA (1% w/v) IPM Solvent NMP Solvent
Lidocaine Fluxg Lidocaine Flux,, NMP Flux,
(ug/cm*/hr + SD) (ug/cmz/hr + SD) (mg/cmzlhr +SD)
None 1.95+0.22 92+ 15 126 £0.5
Octadecene 1.98£0.58 161 £ 52 15.3+1.2
Isopropyl Myristate — 232+ 120 15.8+3.6
Oleic Acid 1.68 £0.24 290 £ 103 17.6 2.0
Oleyl Alcohol 1.97 £ 0.48 402 £ 52 20.7£1.0
N=3

Table 9: Transport of Lidocaine and NMP from H,O/NMP Binary Systems

% NMP Lidocaine Free Base NMP
Fluxgs Permeability Flux, Permeability
(ug/cm?/hr + SD) (em/hre10" £ SD) (ug/em?/hr £ SD) (cm/hre10*+ SD)
0 6.02+ 1.04 13.3+2.3 — —
10 5.36 % 0.83 5.43 +0.84 0.007 % 0.007 1.08 + 1.08
20 4.27+1.20 2.86 + 0.80 0.008 + 0.003 0.64 + 0.23
40 2,15+ 1.13 1.08 +0.56 0.026 + 0.021 1.01 + 0.83
50 0.47+0.10 0.24 +0.05 0.010 £ 0.002 0.31+0.05
60 1.95+2.07 0.97+1.03 0.106 + 0.058 2.73+1.48
80 5.75+0.95 2.87 £ 0.48 3.26+0.74 62.8+14.2
90 114+ 1.0 5.71 £0.51 9.18+0.53 157+9
100 15.4+ 0.6 7.69 +0.29 12.6+0.5 63.1+2.5
N=3

Table 10: Flux Enhancement of Hydrophilic HCI Salt Drugs from 1:1 H2O/NMP
Cosolvent through Stripped Human Cadaver Skin

9083445.1

-20.

Drug (2% w/v) Fluxg from H;O Fluxg from HyO/NMP Enhancement
(ug/cm®/hr £ SD) (ug/cm?/hr + SD)
Lidocaine HCI 1.00 + 0.22 435+ 1.84 43+
Prilocaine HCI 2.44+0.98 6.31 £0.14 26+1
N=3
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G.  Conclusion

This paper supports the claim that NMP acts as a transdermal enhancer
through its hydrogen bonding capability with other formulation solutes. NMP was
found to act in synergy with LDAs capable of hydrogen bonding (such as oleic acid
and oleyl alcohol) to improve lidocaine free base flux. These same LDAs had no
effect from IPM and H,O solutions, suggesting that the presence of NMP is central
to their enhancement ability. More specifically, it is crucial that NMP flux from the
system be appreciable for LDA effectiveness. The enhancement of oleic acid on
lidocaine free base flux was negligible from HyO/NMP systems where there was no
NMP flux (Table 9) as well as from IPM/NMP systems (~10% NMP) where NMP
flux was minimal (data not shown).

NMP also appears to be capable of providing drug delivery enhancement
from the aqueous phase. In this paper, H;O/NMP systems resulted in improved LDA
(oleic acid) effect, hydrophobic drug flux (lidocaine free base), and hydrophilic ionic
salt drug flux (lidocaine HCI and prilocaine HCI). All of these results are consistent
with the hypothesis that NMP behaves as a transdermal chaperone, acting through its
hydrogen bonding capacity and high flux through the skin.
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Example 4: Microemulsion Enhancer Formulation for Simultaneous
Transdermal Delivery of Hydrophilic and Hydrophobic Drugs

Microemulsion (ME) systems allow for the microscopic incorporation of
aqueous and organic phase liquids. In this study, the phase diagrams of four novel
ME systems were characterized. Water and IPM composed the aqueous and organic
phases respectively, while Tween 80 served as an anionic surfactant. Transdermal
enhancers such as n-methyl pyrrolidone (NMP) and oleyl alcohol were incorporated
into all systems without disruption of the stable emulsion. A comparison of a W/O
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ME with an O/W ME of the same system for lidocaine delivery indicated that an
O/W ME provides significantly greater flux (p < 0.025). This finding, that the water
phase is a crucial component is consistent with in vitro flux experiments using
hydrophobic drugs (lidocaine free base, estradiol) as well as hydrophilic drugs
(lidocaine HCI, diltiazem HCI). Furthermore, the simultaneous delivery of both a
hydrophilic drug and a hydrophobic drug from the ME system is indistinguishable
from either drug alone. Enhancement of drug permeability from the O/W ME system
was 17-fold for lidocaine free base, 30-fold for lidocaine HCI, 58-fold for estradiol,
and 520-fold for diltiazem HCI.

A. Introduction

Microemulsions (ME) are thermodynamically stable emulsions with
droplet sizes in the sub-micron range. They typically consist of an aqueous phase, an
organic phase, and a surfactant/cosurfactant component. The design and properties
of microemulsion systems is a field that has been studied extensively with
applications in many pharmaceutical areas.” There are two basic types of ME
systems: water-in-oil (W/O) and oil-in-water (O/W). In each case, it is believed that
the minority phase is encapsulated by the continuous bulk phase. Surfactants are
necessary to reduce the hydrophobic interactions between the phases and maintain a
single phase. Typical properties of ME include optical transparency, thermodynamic
stability, and solubility of both hydrophobic and hydrophilic components.

Microemulsions have been proposed to offer enhanced drug delivery
properties for transdermal transport.”””" Flux enhancement from these formulations
was found to be primarily due to an increase in drug concentration. In these studies,
it was concluded that drug transport occurs only from the continuous (outer) phase.
By this account, hydrophobic drugs transport faster from W/O emulsions, while
O/W systems provide slower, controlled release of drug that is dependant on the
partitioning of drug into the outer phase. This pathway of drug release from ME
systems is supported by work with a hydrophilic molecule (glucose) where it was
found to parallel the diffusion of water from the bulk phase.” The stability and
encapsulation properties of emulsions make the transdermal delivery of protein

drugs an ideal application.” 74.15,76

In this study, multiple features were incorporated into a ME formulation.
Nonionic surfactants were selected to minimize skin irritation and charge disruption
of the system. The main surfactant studied, Tween 80 (Polysorbate 80) has
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previously been utilized in transdermal formulations.””’® A key feature of the ME
systems studied is incorporation of the transdermal chemical enhancers oleyl alcohol
and n-methyl pyrrolidone (NMP), which to our knowledge has never been explored.
Oleyl alcohol is a cis-unsaturated C;s fatty acid which is believed to reduce the
barrier properties of the skin by disrupting lipid bilayers within the stratum
corneum.”*® NMP has been utilized as a transdermal enhancer for multiple drugs
and formulation compositions, but never in conjunction with a ME.*"**% we
selected NMP based on our earlier studies showing that it is capable of significantly
enhancing drug transport from both the organic® and aqueous85 phase. These
findings supported our hypothesis that the hydrogen bonding capability of NMP
with certain drugs, along with the high flux of NMP through human skin (~10
mg/cmzlhr) allows NMP to act as a molecular chaperone. We propose that this

enhancing ability should occur in ME systems as well.

In this study we have evaluated the transdermal transport of several
hydrophobic and hydrophilic drug moieties from novel ME systems that incorporate
chemical enhancers. Drug molecules investigated include lidocaine free base®**” and
HCI salt, estradiol®®*® and diltiazem HCI, a drug which has not been previously
studied in the literature due to its large molecular weight (415 Da) and ionic,

hydrophilic nature.

B. Materials

Drugs: Lidocaine free base, Lidocaine HCI, Estradiol, and Diltiazem HCI
were purchased from Sigma (St. Louis, MO). Chemicals: NMP was a generous gift
from ISP Technologies, Inc. (Wayne, NJ). Polysorbate 80 NF, HLB = 15.0 (Tween
80) was purchased from Advance Scientific & Chem. (Ft. Lauderdale, FL).
Isopropyl myristate (IPM), oleyl alcohol (99%), anhydrous ethyl alcohol, sorbitan
mono-oleate (Span 20), HLB = 8.6, and phosphate buffered saline tablets (PBS)
were purchased from Sigma (St. Louis, MO). HPLC grade solvents were used as
received. Skin: Human cadaver skin from the chest, back, and abdominal regions
was obtained from the National Disease Research Institute (Philadelphia, PA). The
skin was stored at -80°C until use.
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(i) Microemulsion Phase Diagrams. Four microemulsion (ME) systems

were investigated to determine their ternary phase diagrams. All percentages are

given as mass ratios.

System Aqueous Phase Organic Phase Surfactant Phase
1 H,O:Ethanol (1:1) [PM Tween 80
2 H,O:Ethanol (1:1) IPM Tween 80:Span 20 (49:51)
3 HO IPM Tween 80:Ethanol (1:1)
4 H,O IPM Tween 80:Ethanol (2:1)

Each of the three components for a system was titrated until a phase change between
microemulsion and two phase mixture was observed. The boundary of this transition
was recorded over the entire concentration range. A microemulsion was determined
as a miscible, optically clear, stable solution. At the transition to a two phase regime,
there is a clear clouding of the mixture as well as an eventual separation of the
phases. All microemulsion systems were stable for over 6 months.

(ii) Preparation of Formulations. Sample solutions were prepared in 20 ml
glass vials and saturated with drug. Drug flux was tested through ME system 1 at
two selected concentrations, one in the W/O region, and the other in the O/W. The
W/O system consisted of H;O:IPM:Tween 80 (10:52:38 w/w) while the O/W system
contained H,O:Ethanol:1PM:Tween 80 (27:18:16:39 w/w). Both systems stably
incorporated 10% w/w NMP and 10% w/w oleyl alcohol. Drug concentration in the
formulation was generally 4% for lidocaine, 2% for diltiazem HCI, and 0.4% for
estradiol. The “water phase” sample consisted of the aqueous elements
H,0O:Ethanol:NMP (51:31:18) in the same relative proportions as if the organic
components were removed. All vehicles studied formed miscible, single phase
liquids.

(iiij) Lidocaine Partitioning. The logarithm of the relative partition
coefficient between IPM and water (log[IPM/H,0]) was determined for NMP
concentrations of 0-35% (v/v). In a micro-centrifuge tube, 500 pl of IPM was added
to 500 pl of ddH,O with the addition of the appropriate amount of NMP. Lidocaine
free base was included at 1.0 mg/ml in the organic (IPM) phase. For lidocaine HCI
samples, the drug was dissolved in the aqueous phase at 1.0 mg/ml. The two phase
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system was thoroughly vortexed and allowed to equilibrate. The samples were then
centrifuged at 14,000 rpm for 6 minutes to separate the phases. The concentration of
lidocaine in each phase was determined by HPLC.

(iv) Preparation of Skin Samples. Human cadaver skin was thawed at room
temperature. The epidermis-SC was separated from the full thickness tissue after
immersion in 60°C water for 2 minutes. Heat stripped skin was immediately
mounted on diffusion cells.

(v) Skin Transport Experiments. The skin was mounted onto a side-by-side
glass diffusion cell with an inner diameter of 5 mm. The two halves of the cell were
clamped shut and both reservoirs were filled with 2 ml of phosphate buffered saline
(PBS, 0.01 M phosphate, 0.137 M NaCl, pH 7.4). The integrity of the skin was
verified by measuring the electrical conductance across the skin barrier at 1 kHz and
10 Hz at 143.0 mV (HP 33120A Waveform Generator). Skin samples measuring 4 —
14 nA at 1 kHz were used for the diffusion studies. Prior to introducing the donor
solution, the skin sample was thoroughly rinsed with PBS to remove surface
contaminants. At t = 0, the receiver compartment was filled with 2.0 ml of PBS,
while 2.0 ml of sample was added to the donor compartment. Both compartments
were continuously stirred to maintain even concentrations. At regular time intervals,
1.0 ml of the receiver compartment was transferred to a glass HPLC vial. The
remaining solution in the receiver compartment was thoroughly aspirated and
discarded. Fresh PBS (2.0 ml) was dispensed into the receiver compartment to
maintain sink conditions. At 21 hours, the experiment was terminated. After both
compartments were refilled with PBS, the conductance across the skin membrane
was again checked to ensure that the skin was not damaged during the experiment.
All flux experiments were conducted in triplicate at room temperature. The observed
variability of the individual drug transport values was consistent with the previously
established 40% intersubject variability of human skin.”®

(vi) Drug Quantification. Lidocaine was assayed by high pressure liquid
chromatography (Shimadzu model HPLC, SCL-10A Controller, LC-10AD pumps,
SPD-M10A Diode Array Detector, SIL-10AP Injector, Class VP v.5.032 Integration
Software) on a reverse phase column (Waters uBondapak™ C;g 3.9x150 mm) using
ddH,0 (5% acetic acid, pH 4.2)/acetonitrile (35:65 v/v) as the mobile phase, under
isocratic conditions (1.6 mL/min) by detection at 237 nm. The retention time of
lidocaine under these conditions was between 3.4 and 4.3 minutes. Standard
solutions were used to generate calibration curves. Diltiazem HCI was quantified on
a Waters Symmetry® C;g Spm, 3.9x150 mm column (WAT046980). The mobile
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phase consisted of aqueous phase:acetonitrile:methanol (50:25:25) where the
aqueous phase consisted of 1.16 g/L d-10-camphorsulfonic acid, 0.1 M sodium
acetate, pH 6.2. The system ran at a flow rate of 1.6 ml/min. Chromatograms were
integrated at a peak of 240 nm. Estradiol was quantified on a Waters 4.6x250 mm
Cis column. The mobile phase consisted of acetonitrile:water (55:45) at a flow rate

of 2.0 ml/min. Chromatograms were integrated at a peak of 280 nm.

(vii) Calculations. The total mass of drug transported across the skin was

determined by HPLC. The flux equation gives:
J= ]_[il‘_/[_) = PAC
A\ dt

where J is flux (ug cm™ hr"), A is cross sectional area of the skin membrane (cmz),
P is the apparent permeability coefficient (cm hr'), and AC is the concentration
gradient. In this experiment, AC is taken as the saturation concentration (given
infinite dose and sink conditions), and dM/dt is averaged as the total mass transport
over the steady state portion of the transport curve. Statistical analyses were
performed by the Student’s t-test.

D. Results and Discussion

(i) Microemulsion systems. Thermodynamically stable, optically
transparent, single phase, liquid formulations were created with the four systems
(Figs. 20-23). An ethanol co-surfactant is necessary to maintain stable O/W
emulsions. This is consistent with previous work with ME systems where co-
surfactants (usually short chain alcohols) are necessary to maintain a single phase.”’
In system 2, a combination of two nonionic surfactants was used. The mixture of
49:51 w/w Tween 80 (HLB = 15) and Span 20 (HLB = 8.6) has been reported to act
in synergy to maximize water uptake.92 Although this system was not tested for
transdermal transport, the phase diagram does indeed indicate that ME formation
occurs at lower surfactant concentrations. The phase diagrams in Figs. 22-23 contain
the same components as Fig. 20. In these two diagrams, the surfactant/cosurfactant
(Tween80/ethanol) ratio is fixed over the entire range. It is apparent that having too
much ethanol is detrimental to ME formation (Table 11). The maximum IPM uptake
in O/W ME systems occurs at Tween 80/ethanol ratio of 1:1. Furthermore, it was
observed that the cosurfactant was necessary primarily to stabilize ME formulations
with high water content. Systems with too little ethanol were unable to form stable

O/W microemulsions.
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All systems could stably incorporate 10% w/w of the transdermal enhancers
NMP, oleyl alcohol, oleic acid, or decanoic acid. Drug solubility reached ~30% w/w
lidocaine free base in the W/O system and ~25% lidocaine HCI in the O/W system.
With such high tolerance for the addition of both hydrophilic and hydrophobic
molecules, the ME systems studied are robust vehicles for transdermal drug

delivery.

(ii) Transdermal Transport. A W/O and O/W formulation from system 1 was
selected to test transdermal delivery of hydrophilic and hydrophobic drugs across
stripped human skin. The results (Table 12) indicate that the O/W system provided
significantly better flux for all the drugs studied (p < 0.025). The presence of a
second drug in the same ME (estradiol with diltiazem HCI) did not affect the
transport of either drug (p > 0.5). The permeability of drug from the water phase
solution is statistically comparable to that of the O/W ME formulation (p > 0.25).

For all the drugs tested, the ME systems provided significant enhancement
(Table 14). The finding that flux is improved in O/W formulations as compared with
W/O systems even for the hydrophobic drugs suggests that transport from the
aqueous phase is key. When the organic phase and surfactants were removed from
the ME, leaving only the water phase components (H,O, ethanol, NMP), the flux
was comparable to that from the O/W ME (Table 13). Previous work indicates that
the H,O/NMP synergy provides greater transdermal flux enhancement than H-
,O/ethanol."”
makes it difficult to determine the exact molecular interactions, it appears that the

Although the complexity of the multiple components in the system

presence of NMP in the water phase plays a key role in the transport of hydrophobic
drugs from an O/W ME.

It has been previously suggested that ME transdermal enhancement is a
result of increasing drug concentration in the donor phase. In our systems containing
the chemical enhancer NMP, we believe that the effective permeability of the
membrane is also affected. If enhancement is merely a concentration effect, then the
permeability of drug across human skin should remain constant. The permeability of
all four drugs was compared from the ME systems against the solvent (IPM or H,O)
in which they were most soluble (Table 14). There is a clear permeability
enhancement for both hydrophilic and hydrophobic drugs from the ME systems (p <
0.001). This finding agrees with previous work where we found that NMP is capable
of improving permeability of drugs from both IPM and H,0.'®!"
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(iii) Effect of NMP on Lidocaine Partitioning. NMP is freely miscible in both
H,O and IPM. 1t is also capable of improving lidocaine partitioning into the phase
where the drug is less soluble (Figure 26). The hydrophobic lidocaine free base
partitions 2.6 times more in the aqueous phase with the addition of 33% NMP.
Similarly, the hydrophilic lidocaine HCI partitions 6.5 times more favorably in the
IPM phase with the addition of 33% NMP. The concentrations of drug in the
minority phase is improved 1.9-fold for lidocaine free base and 5.7-fold for
lidocaine HCI. From these results, we can conclude that NMP can act as a partition
enhancer in ME systems. In our model for hydrophobic drug transport from an O/W
ME, the drug (e.g. lidocaine free base) must first partition from the organic phase
into the aqueous phase to reach the skin. The presence of NMP in the system is able
to increase the concentration of the hydrophobic drug in the water phase, making it
available for transport. Data from Fig. 26 indicates that NMP is also capable of
improving the partitioning of hydrophilic drugs to the IPM phase in a W/O ME.

(iv) O/W ME Systems. We propose the following mode of enhancement by
NMP in the O/W system. A hydrophobic drug will preferentially partition in the
encapsulated organic phase, making flux difficult. The presence of NMP improves
partition (and concentration) in the bulk aqueous phase. While in this phase, the drug
can favorably partition into the skin with the aid of NMP."” For hydrophilic drugs,
the presence of NMP in the aqueous phase improves the permeability of the drug
across human skin via HoO/NMP synergy.'” The role of the organic phase for
hydrophilic drug transport from an O/W ME is unknown.

We further hypothesize that NMP is a more effective enhancer from the
aqueous phase of a ME than the organic phase. NMP was found to have an IPM/H-
,O partition ratio of 0.02. Because NMP resides almost exclusively in the water
phase of the system, its enhancing effects from that phase should dominate. In a
W/O ME, the NMP is sequestered in the encapsulated phase and unable to interact
with the skin. This might explain why both the hydrophilic and hydrophobic drugs
transport better from the O/W ME. A second mode of hydrophobic drug flux
enhancement by NMP from the water phase is also possible. Hydrophobic molecules
will not readily leave an organic phase in which they are highly soluble. For this
reason, the partition of lidocaine free base from IPM into the skin is slow. However,
when lidocaine is in the aqueous phase, it has two partitioning options. It can return
to the organic phase, or follow NMP (to which it has high affinity) across the skin
membrane. By this account, the water phase of an O/W ME provides a favorable
environment for a hydrophobic drug to partition into the skin.
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The transdermal delivery of diltiazem HCI has not previously been reported.
A drug such as diltiazem HCI is normally precluded from transdermal delivery. Its
large molecular weight greatly diminishes its permeability across the skin.® Tonic
drugs have also been proven to be difficult to deliver transdermally.®**>*® Transport
of diltiazem HCI from the O/W ME system showed the most drastic enhancement of
the 4 drugs tested. This result is promising for delivery of other ionic salt drugs from
the ME system.

The systems studied provide many interesting characteristics for a
transdermal delivery vehicle. They are robust, and stable to the addition of
significant amounts of soluble enhancers or excipients. They are capable of
enhancing both hydrophilic and hydrophobic drugs, as well as simultaneous delivery
of two drugs without diminished flux. The ME systems are also thermodynamically
stable, and transport of lidocaine free base after 6 months storage at room
temperature was equivalent to its initial value. We believe the novel systems

proposed in this study offer a viable vehicle for transdermal drug delivery.

E. Tables
Table 11: Maximum IPM Uptake in O/W ME Systems

2. Tween 80/Ethanol % IPM Uptake (w/w) % Tween 80/Ethanol (w/w)
Ratio
1:2 8.3 66
2:3 8.1 65
1:1 47 50
2:1 42 53
4:1 4.5 56
9:1 1.6 58

Table 12: Lidocaine Free Base and Lidocaine HCI Transport from ME Systems

3. Formulation Lidocaine Free Base Lidocaine HCI
Flux Permeability Fluxg Permeability
(ug/em?hr) | (cm/hr 10°) | (ug/em?hr) | (cm/hr e 10%)
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(cm/hr o 10°)

Water 6.0x1.0 133 +23 0.61 £0.38 0.61 +£0.38
W/O ME 165+ 1.8 40.2 +4.5 2.1£0.2 3.5+03
O/W ME 233+1.3 75.8£4.1 10.2+£3.9 18.1 £ 6.9
N=3
Table 13: Estradiol and Diltiazem HCI Transport from ME Systems
Formulation Estradiol Diltiazem HCI
Fluxss Permeability Fluxs Permeability
(ug/em?hr) | (cm/hr ¢ 10°) | (ug/em®hr) | (cm/hr e 10%)
H,O 0.015+0.006 | 460 + 183 0.05+0.01 | 0.015+0.004
W/O ME 0.053 £ 0.029 1.1 £0.6 0.25+0.13 1.2+0.6
W/O ME Both Drugs 0.12 £ 0.06 24+1.2 0.24 £ 0.08 1.2+0.4
O/W ME 0.27 £0.07 58+1.5 1.6+ 0.3 7.8+1.3
O/W ME Both Drugs 0.23 +0.05 50£1.2 1.6£04 7.8+£1.9
Water Phase 6.5+1.7 6.1 £3.7
N=3
Table 14: Permeability Enhancement of ME Systems
Permeability Enhancement

Estradiol
IPM <0.1
W/O ME 1.1£0.6 > 11
O/W ME 58+1.5 > 58
Diltiazem HCI
H,O 0.015£0.004
W/O ME 1.2%0.6 80
O/W ME 78+13 520
Lidocaine Free Base
IPM 72+1.1
W/O ME 40.1 £4.5 5.6
O/W ME 123 £ 36 17
Lidocaine HCI
H;0 0.61 £0.38
W/O ME 3.5+£0.3 5.7
O/W ME 18.1+6.9 30
N=3

9083445.1
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1. A transdermal delivery system comprising a drug formulated with a transport
chaperone moiety that reversibly associates with the drug, said chaperone moiety
being associated with the drug in the formulation so as to enhance transport of the

drug across dermal tissue and releasing the drug after crossing said dermal tissue.

2. The system of claim 1, wherein the transport chaperone is n-methyl
pyrrolidone (NMP), octadecene, isopropyl myristate (IPM), oleyl alcohol, oleic acid
or a derivative thereof.

3. The system of claim 1, wherein the drug is a lidocaine, a prilocaine, an
estradiol or a diltiazem.

4. The system of claim 3, wherein the drug is a free base.

5. The system of claim 1, wherein the drug is lidocaine HCI, lidocaine free
base, prilocaine HCI, estradiol or diltiazem HCL.

6. The system of claim 1, wherein the chaperone moiety and drug are
associated by ionic, hydrophobic, hydrogen-bonding and/or electrostatic
interactions.

7. A microemulsion system for transdermal delivery of a drug, which system
solubilizes both hydrophilic and hydrophobic components.

8. The microemulsion system of claim 7, being a cosolvent system including a

lipophilic solvent and an organic solvent.

9. The microemulsion system of claim 8, wherein the cosolvents are NMP and
IPM.
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10.  The microemulsion system of claim 7, having an aqueous phase of water and
ethanol, an organic phase of isopropyl mystate (IPM) and a surfactant phase of
Tween 80.

11.  The microemulsion system of claim 10, wherein the aqueous phase is water
and ethanol, the organic phase is [PM, and the surfactant phase is Tween 80 and
Span 20.

12. The microemulsion system of claim 7, having an aqueous phase, a
hydrophobic organic phase, and a surfactant phase.

13. The microemulsion system of claim 7, wherein the system is a water-in-oil
system.

14, The microemulsion system of claim 7, wherein the system is an oil-in-water
system.
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