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Facilitated skin penetration of lidocaine: Combination of a short-term
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Abstract

The objective of this study was to demonstrate the potential of the application of a short-term iontophoresis on the topical delivery of lidocaine
hydrochloride from a microemulsion-based system. Five- and 10-min durations of anodal iontophoresis applied onto porcine skin were examined
in combination with a microemulsion containing 2.5% lidocaine hydrochloride. A similar combination (10-min iontophoresis with microemulsion
in the anodal electrode) was also examined in vivo in a rat model. It was shown in vitro that by combining microemulsion application with a 10-min
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ontophoresis of 1.13 mA/cm2 electric current density, a significantly increased flux was obtained compared with a combination of aqueous drug
olution with the same iontophoresis protocol. In vivo studies revealed that 57.71 ± 18.65 and 18.43 ± 9.17 �g cm−2 were reached in the epidermis
nd dermis, respectively, at t = 30 min of microemulsion application, when iontophoresis was applied for 10 min. In contrast, the application of
queous solution-iontophoresis resulted in a relatively lower drug accumulation (21.44 ± 10.42 and 5.30 ± 2.25 �g cm−2 in the epidermis and
ermis, respectively, at t = 30) with more rapid clearance of the drug from the skin. Ten-minute application of a low-current electric field on a new
opical microemulsion appears to make significant changes in skin permeability. The potential advantages of this procedure include significantly
ncreased flux, accumulation of a large skin drug depot, short lag times, reduced irritation (compared to long-term iontophoresis), simplicity and
ase of compliance.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The skin’s outermost layer, the stratum corneum, has excel-
ent barrier properties that limit drug delivery into and through
he skin. Nevertheless, the outstanding advantages of the admin-
stration of drugs by the dermal route have motivated intensive
esearch activity in this area. As a result of this activity, vari-
us methods and strategies have emerged to overcome the skin
arrier and to improve drug transport into the skin and into
he blood circulation (Barry, 2001; Davis et al., 2002). Some

ethods are based on chemical enhancers and various vehi-
le formulations (Walters, 1989; Smith and Maibach, 1995).
ther methods rely on physical techniques, such as micronee-
le technologies (Henry et al., 1998; McAllister et al., 2000),
ontophoresis (Singh et al., 1999; Marro et al., 2001; Guy et al.,

∗ Corresponding author. Tel.: +972 8 647 2709; fax: +972 8 647 2960.
E-mail address: asintov@bgu.ac.il (A.C. Sintov).

2001), electroporation (Prausnitz et al., 1993; Vanbever et al.,
1994, 1996; Riviere et al., 1995; Prausnitz, 1999; Hu et al., 2000)
and ultrasound (Kost et al., 1999). In addition, various combina-
tions of enhancing methods have been tested and some of them
have indeed resulted in improved skin penetration (Bommannan
et al., 1994; Mitragotri, 2000; Chang et al., 2000; Le et al.,
2000; Bose et al., 2001; Denet et al., 2003; Fang et al., 2004).
Many of these combinations involve two or three physical meth-
ods, such as iontophoresis and electroporation (Bommannan et
al., 1994; Chang et al., 2000; Bose et al., 2001; Denet et al.,
2003), iontophoresis, electroporation and laser treatment (Fang
et al., 2004), or iontophoresis and ultrasound (Le et al., 2000).
Other methods comprise combinations of an electrically assisted
method with chemical enhancers (Mitragotri, 2000; Bhatia et al.,
1997; Kalia and Guy, 1997; Zewert et al., 1999). In addition, the
combined use of electrically assisted drug delivery methods with
well-designed formulations, such as those based on liposomes,
has also been reported (Fang et al., 1999; Conjeevaram et al.,
2003; Essa et al., 2004). There are, however, only few studies on
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the combination of an electrical method with drugs formulated
in microemulsions (Kantaria et al., 1999; Boinpally et al., 2004).

Iontophoresis involves the application of a low-level electri-
cal current that facilitates migration of drug ions or very polar
drugs from the transdermal delivery system through the skin
membranes (Green et al., 1993). Under the influence of the
iontophoretic current, three mechanisms are involved in drug
transport: (1) an existing passive skin permeation, (2) electrore-
pulsion, in which the ion is repelled from an electrode of the
same charge, and (3) electroosmosis, which is the convective
movement of a solvent through a charged “pore” in response to
the preferential passage of counter-ions when an electric field
is applied (Guy et al., 2000). Thus, in addition to electrorepul-
sion, an electroosmotic solvent flow occurs at the physiological
pH in the anode-to-cathode direction, resulting in transport of
cations into the negatively charged skin. An example of a cation
used frequently in clinical practice for local anesthesia is lido-
caine hydrochloride. Recently, new iontophoretic systems have
become available for transdermal lidocaine delivery (e.g., Ion-
tocaine, Iomed, Inc., Salt Lake City, UT, USA; Lidosite, Vyteris
Inc., Fair Lawn, NJ, USA), in which lidocaine hydrochloride in
delivered in an aqueous solution or in an aqueous gel (Naik et
al., 2000; Kearns et al., 2003). Although effective, there is still a
need to reduce the long delay between drug application and the
local anesthetic effect.

Therefore, in the present study, we set out to demonstrate
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Sigma, Rehovot, Israel. High-performance liquid chromatog-
raphy (HPLC) grade solvents were obtained from J.T. Baker
(Mallinckrodt Baker, Inc., Phillipsburg, NJ, USA).

2.2. Preparation of microemulsions

Microemulsions were prepared as previously described
(Sintov and Shapiro, 2004) by dissolving lidocaine hydrochlo-
ride in a mixture of polyethylene glycol (PEG-40) stearate
and glyceryl oleate (surfactants), tetraglycol (co-surfactant),
isopropyl palmitate (oil) and 0.01 M sodium chloride solu-
tion (aqueous phase). The ratio of surfactants in the system
was 3:2 glyceryl oleate–PEG-40 stearate, and the cosurfac-
tant/surfactants ratio was 1.8. The final concentration of lido-
caine HCl in the microemulsion was 2.5 wt%. The microemul-
sion formed spontaneously at room temperature as a clear
monophasic liquid. The microemulsion was obtained with a
mean droplet size of approximately 15 nm diameter as deter-
mined at 18.3 ◦C by dynamic light scattering (ALV instru-
ments Type CGS-3, ALV/LSE-5003 digital correlator, ALV
GmbH, Langen, Germany). The ternary phase diagram for this
microemulsion system loaded with lidocaine HCl is shown in
Fig. 1.

2.3. In vitro skin permeation study
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he potential advantages of iontophoretic delivery of lidocaine
ydrochloride from a microemulsion system to the skin. We
ave previously demonstrated the potential of a microemulsion
ystem based on commonly used nonionic surfactants and a
ew co-surfactant, tetraglycol (Sintov and Shapiro, 2004). In
hat study, a w/o microemulsion formulation containing 2.5%
idocaine (as base) was shown to passively deliver significant
mounts of drug to the dermis in relatively short periods of
ime (30 min). Since more rapid onset of local anesthesia has
lways been preferable, we made a further attempt to shorten
he time of treatment by combining a short-term iontophoresis
5 or 10 min) with the topical treatment. In this report, the same
ype of topical microemulsion loaded with lidocaine hydrochlo-
ide was further evaluated in vitro and in vivo in combination
ith short-term (maximum 10 min) anodal iontophoresis. The
echanism by which this microemulsion system contributes to

he iontophoretic drug delivery is based on its lipophilic nature,
hich enables increased intercalation of aqueous nano-droplets

nto the stratum corneum. Charge transport in the microemulsion
uring iontophoresis is probably facilitated by the flexibility of
he surfactant film, allowing hopping of drug ions within nano-
roplet clusters.

. Materials and methods

.1. Materials

Lidocaine as a hydrochloride salt was obtained from
igma Rehovot, Israel. PEG-40 stearate and glyceryl oleate
ere obtained from Uniqema, Bromborough Pool, Wirral,
K. Isopropyl palmitate and tetraglycol were purchased from
The permeability of lidocaine through porcine skin was
etermined in vitro with a Franz diffusion cell system (Crown
ioscientific, Inc., Clinton, NJ, USA). The diffusion area was
.767 cm2 (15 mm diameter orifice), and the receptor compart-
ent volumes varied from 11 to 12 ml. The solutions in the

eceiver side were stirred by externally driven, Teflon-coated
agnetic bars. Each set of experiments was performed with

t least five diffusion cells (n ≥ 5). Full-thickness porcine skin

ig. 1. Pseudo-ternary phase diagram of the new microemulsion system. ‘Oil’
s isopropyl palmitate and ‘surfactants’ are mixture of PEG-40 stearate and
lyceryl oleate at a ratio of 2:3.
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was excised from the ears of freshly slaughtered white pigs
(breeding of Landres and Large White, locally grown in the
Institute of Animal Research, Kibbutz Lahav, Israel). Skin sec-
tions (about 2 cm × 2 cm) were excised, and subcutaneous fat
was removed with a scalpel. Transepidermal water loss (TEWL)
measurements (Dermalab® Cortex Technology, Hadsund, Den-
mark) were performed on all the pieces, and only those for
which TEWL levels fell within the specification (<15 g/m2 h)
were mounted in the diffusion cells, ready for testing. Although
TEWL is less sensitive to small barrier impairments than low-
frequency impedance measurements, it is a more practical and
quite informative criterion when significant barrier disruption
is apparent (Sekkat et al., 2002). The skin pieces were kept at
−20 ◦C and were used for penetration studies within 2 weeks
after slaughter of the animal. Each skin section was placed with
the stratum corneum facing up on the receiver compartments,
and the donor compartments were then clamped in place. The
receiver compartment, defined as the side facing the dermis, was
filled with phosphate buffer (4 mM, pH 7.4)–ethyl alcohol (ana-
lytical grade) (7:3). In experiments testing pH-dependant ion-
tophoresis, the receiver compartment was filled with 0.1 M phos-
phate buffer (Na2HPO4 and NaH2PO4) adjusted to pH 4, 7.4 or
8.5. After 15 min of skin washing at 37 ◦C, the receiver medium
was discarded, and the chambers were refilled with a fresh
buffer-ethanol solution. Ethyl alcohol was used to ensure sink
conditions throughout the experiment. One-milliliter aliquots of
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trodes were disconnected from the power supply, and the tested
microemulsion or the solution was left in the containers until
the end of the experiment period. The rats were killed by ethyl
ether aspiration after 30, 120 or 240-min of the in vivo study.
The drug-exposed skin areas were swabbed three or four times
with three layers of gauze pads, washed for 30 s with running
water, wiped carefully, tape-stripped (×10 strips) and harvested
from the animals.

2.5. Ag/AgCl electrodes

Silver wire (1.0 mm diameter, annealed, 99.9% Alfa Aesar®,
Ward Hill, MA, USA) was used. For the in vivo studies, both
electrodes were prepared by folding 15 cm of the silver wire in
such a way as to create a round flat loop (14–15 mm diameter)
with a of straight piece wire at the one end. For the in vitro
studies, the anode electrode was prepared in the same way, but
the receiver side electrode (cathode) was prepared by folding
the 15 cm wire so as to form a 5-cm triple-stranded wire. The
wires were coated by placing a silver electrode in a 1 M KCl
solution with a Pt reference electrode and applying a constant
current (1 A) between the electrodes to produce a uniform AgCl
coating. The coated electrodes were checked for conductivity
before use.

2.6. Anodal iontophoresis
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he microemulsion or sodium chloride (3 mM) solution, each
ontaining 2.5% lidocaine HCl, were applied on the skin in the
ells. Samples (2 ml) were withdrawn from the receiver solution
t predetermined time intervals, and the cells were replenished
p to their marked volumes with fresh buffer-ethanol solution
ach time. The samples were taken into 1.5-ml amber vials, and
tored at −20 ◦C until analyzed by HPLC.

.4. Skin partitioning of topical lidocaine applied to rats

The animal protocol was reviewed and approved by the insti-
utional Animal Care & Use Committee, which complies with
he Israeli Law of Human Care and Use of Laboratory Animals,
994 (also approved by the Division of Compliance, OPRR,
D of the US-NIH as a foreign institution with compliance

o the standards for Human Care and Use of Laboratory Ani-
als, approval: #A5060-01); the institution has adopted policies

egarding animal care and use as outlined in the guide for the
are and Use of Laboratory Animals of the National Academy
f Sciences, USA. Each male Sprague–Dawley rat (400–500 g,
arlan Laboratories Ltd., Jerusalem, Israel) was anesthetized

75 mg/kg ketamine i.p. and 7 mg/kg xylazine) and was placed
n its back. The hair on abdominal skin was trimmed off,
nd the TEWL was determined to verify skin integrity. The
bdomen was then gently washed with distilled water. Anesthe-
ia was maintained with 0.1 ml ketamine (100 mg/ml) through-
ut the experiment. Microemulsions or sodium chloride (3 mM)
olutions containing 2.5% lidocaine hydrochloride (1 ml) were
pplied to the skin surface (over an area of 1.7 cm2) via open con-
ainers glued to the skin on one end with a silicon rubber. After
or 10 min of anodal iontophoresis (see Section 2.6), the elec-
The experiments were conducted in parallel to the passive dif-
usion studies (see Sections 2.3 and 2.4) using the same set-up.
n the in vitro experiments, the coated Ag/AgCl anode (flat loop)
as positioned in the donor compartment approximately 1 cm

rom the skin, and the cathode (straight wire) was inserted into
he receiver compartment through the sampling port. In the in
ivo experiments, the anode was dipped in the drug-containing
olution or microemulsion approximately 1 cm above the skin,
nd the cathode (return electrode) was dipped in saline solu-
ion 4–5 cm away from the anode toward the animal’s chest.
he electrodes were connected to power supply leads from the

ontophoretic device (Phoresor II Model PM 850, Iomed, Salt
ake City, UT, USA); the anode was connected to the positive
utput and the cathode, to the negative output of the power sup-
ly. A constant current of 2 mA (current densities of 1.13 and
.17 mA/cm2 in the in vitro and in vivo experiments, respec-
ively) was passed for 5 or 10 min, and then the power supply
as turned off and passive diffusion was continued. In the in
itro studies, the experiments were continued for 8 h from the
ime of drug application, while in the in vivo studies the appli-
ation was terminated after 30, 120 and 240 min from the time
f drug application.

.7. Skin separation and extraction

This process has been described previously (Sintov and
hapiro, 2004). The dermis of each skin section was
eat separated (60 ◦C for exactly 60 s) from the stratum
orneum–epidermis layer. Each skin layer was then cut to small
ieces and the pieces were inserted into 2-ml vials. The skin
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pieces in each vial were extracted with 1 ml of ethyl alcohol for
1 h at 40 ◦C in a shaking water bath (150 rpm). The extracts were
injected into the HPLC system. The total recovery of known
quantities of lidocaine impregnated into skin pieces and pro-
cessed as described above was 97.1 ± 3.93%.

2.8. HPLC analysis of samples from receiver solutions and
skin extracts

Receiver solutions: Aliquots of 20 �l from each vial were
injected onto the HPLC system, equipped with a prepacked
CN column (Nucleosil 100-5 CN, 5 �m, 250 mm × 4 mm,
Macherey-Nagel, Dueren, Germany). The HPLC system (Shi-
madzu VP series) consisted of an autosampler and a diode array
detector. The quantitation of lidocaine was performed by inte-
gration of the peaks detected at 210 nm. The samples were
chromatographed using an isocratic mobile phase consisting
0.02 M phosphate buffer pH 6.0–acetonitrile (4:6) at a flow rate
of 0.8 ml min−1. A calibration curve (peak area versus drug
concentration) was constructed by running standard lidocaine
solutions in a phosphate buffer/ethanol (7:3) for each series of
chromatographed samples. Calibration curves were linear over
the range of 0.5–10 �g ml−1. Data were expressed as the cumu-
lative lidocaine permeation per unit of skin surface area, Qt/S
(S = 1.767 cm2). The steady-state fluxes (Jss) were calculated
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3. Results and discussion

3.1. Formulation

For most currently available formulations for local anes-
thesia (e.g., EMLA cream, Astra, Sweden), there is a long
delay between application and anesthetic effect even when
an occlusive dressing is used. However, several studies have
shown that the response time can be shortened by formulat-
ing the local anesthetics tetracaine (amethocaine) and penta-
caine into microemulsions (Zabka and Benkova, 1995; Changez
and Varshney, 2000; Arevalo et al., 2004). The findings of
the latter studies are in keeping with a number of in vitro
(Osborne et al., 1991; Trotta et al., 1996; Delgado-Charro et
al., 1997; Parra et al., 1997; Dreher et al., 1997; Schmalfuss et
al., 1997; Kreilgaard et al., 2000; Alvarez-Figueroa and Blanco-
Mendez, 2001; Rhee et al., 2001; Lee et al., 2003) and in
vivo studies (Kemken et al., 1992; Kreilgaard, 2001; Kreilgaard
et al., 2001; Sintov and Shapiro, 2004) that have shown that
microemulsion formulations provide improved transdermal and
dermal drug delivery properties. Many microemulsion formu-
lations are based on short- and medium-chain alcohols, while
others are based on poloxamers or propylene glycol as co-
surfactants in combination with polysorbates (Tween) 80 or
85. In this study we used a microemulsion system formulated
with a combination of tetraglycol and PEG-40 stearate as the
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P .76b

I .24b

-40 st
d 50%
ate m
y linear regression interpolation of the experimental data at a
teady state:

ss = �Qt

�T · S

.9. Statistical analysis

All data such as cumulative drug penetration amounts, skin
evels and penetration fluxes are expressed as mean ± standard
eviation (S.D.). The statistical difference between the skin pen-
tration profiles of the formulations was analyzed. The first
nalysis comprised a two-way unweighted means analysis of
ariance (ANOVA) test for the differences among group means
as first run. However, this test required normal distribution of

he data. If normality of data analyzed by the ANOVA procedure
ailed with the Kolmogorov–Smirnov test, the nonparametric

ann–Whitney rank sum test for unpaired data was applied at
significance level of 0.05.

able 1
ransdermal fluxes of lidocaine hydrochloride from sodium chloride solution an
ithout and with 10 min of iontophoresis

ransdermal method Transdermal flux (�g cm−2 h−1)

Solution Polysorb

20% wat

assive diffusion 2.43 ± 0.88 3.75 ± 0
ontophoresis (2 mA for 10 min) 22.63 ± 6.12 9.92 ± 2

a A different penetration rate between 1 and 4 h was obtained only after PEG
b Significant difference (p < 0.05) between the data obtained for 20% water an
c Significant difference (p < 0.05) between the data obtained for PEG-40 stear
ain constituents of the monophasic preparation (Fig. 1). It
as previously been demonstrated that this composition plays
major role in the penetration enhancement of drugs through

he stratum corneum (Sintov et al., 2003; Sintov and Shapiro,
004). Furthermore, our preliminary results with iontophore-
is (Table 1) showed that a formulation containing PEG-40
tearate is a better promoter of percutaneous lidocaine pene-
ration than corresponding formulations containing polysorbate
0. By using polysorbate 80 and 10-min application of 2 mA cur-
ent, fluxes of 9.92 ± 2.24 and 6.43 ± 0.35 �g cm−2 h−1 (after
ag time of 1 h) were obtained for microemulsions containing
0 and 50% water, respectively. As can be seen in Table 1,
hese values are significantly lower than the initial flux (1–4 h
fter application) of 41.60 ± 16.16 �g cm−2 h−1 measured after
he same iontophoretic treatment for a microemulsion formu-
ation containing PEG-40 stearate. Further examination of the
able shows that: (a) these values are significantly lower than
he flux of 22.63 ± 6.12 �g cm−2 h−1 measured for a sodium

microemulsion-based systems (containing polysorbate-80 or PEG-40 stearate)

PEG-40 stearate

50% water Initial fluxa Late flux

2.17 ± 1.04 – 1.58 ± 2.28
6.43 ± 0.35 41.60 ± 16.16c 13.26 ± 6.75

earate-containing microemulsion was applied with iontophoresis.
water.

icroemulsion and aqueous solution.
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chloride solution after iontophoresis implying on a reduced
diffusivity (see explanation below) and (b) the values for the
polysorbate 80-containing formulations indicate that drug pen-
etration flux through the iontophoresed skin can be increased by
reducing the water content in the microemulsion (Table 1). The
decrease in the water content probably serves to invert the water-
continuous (o/w) preparation to oil-continuous microemulsion.
These findings regarding microemulsions with polysorbate 80 as
the surfactant may provide the basis for elucidating the mech-
anism by which combinations of certain microemulsions and
iontophoresis may be effective. It has already been shown that
interacting colloidal particles may give rise to percolation and
phase separation (Paul and Moulik, 1997). In w/o microemul-
sions, percolation is manifested in a rapid increase in the elec-
trical conductivity as the surfactant and water volume fraction is
finely varied at a constant temperature (Paul and Moulik, 1997).
In microemulsions, the mechanisms leading to percolation and
the charge- or ion-transport process are currently the subject
of controversy. The ‘static percolation’ approach attributes the
phenomenon to the transfer of ions from one nano-droplet to
another through open water channels in a bicontinuous structure,
while the ‘stirred percolation’ approach attributes percolation to
charge transport via hopping of ions within nano-droplet clus-
ters transiently formed during attractive interactions and ’sticky’
collisions between the water globules. A number of publications
from the group of Eicke (Eicke and Meier, 1996; Eicke et al.,
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Table 2
pH dependency of the iontophoretic transport fluxes of lidocaine hydrochloride
from a 3 mM sodium chloride solution through porcine skin in vitro

Transdermal method Transdermal flux (�g cm−2 h−1)

pH 4.0 pH 7.4 pH 8.5

Passive diffusion 2.12 ± 0.89 2.43 ± 0.88 1.57 ± 1.53
Iontophoresis (2 mA for

5 min)
15.04 ± 2.28 12.88 ± 3.47 11.19 ± 4.21

Iontophoresis (2 mA for
10 min)

24.17 ± 7.66 22.63 ± 6.12 16.64 ± 0.30

charged (at pH 7.4 or 8.5) and (b) the electrorepulsive force
overwhelms electroosmosis, even at pH 8.5, where only 20% of
lidocaine in the skin is in the ionized state. Nevertheless, there
was a trend indicating on some decrease of the iontophoretic
penetration flux at pH 8.5, perhaps due to partial replacement
of an electrorepulsive component with a relatively slower elec-
troosmotic flow.

As an immediate consequence of preliminary skin irritation
tests on rats and rabbits (unpublished data), we chose anodal
iontophoresis process of a constant current of 2 mA applied for
a period of 10 min (current density of 1.13 mA/cm2). Although
this electrical current density is considered to be relatively high
(versus 0.5 mA/cm2), skin irritation was not expected, since cur-
rent application was continued only for 10 min rather than the 6-h
period previously used (Marro et al., 2001). Indeed, it was found
that this procedure resulted in only slight or almost no skin irri-
tation compared with a higher current intensity (4 mA, 10 min,
Fig. 2). It should be noted that a previous report by Kearns et
al. (2003) described an anodal iontophoretic procedure with a
current of 1.78 mA applied for 10 min. This procedure applied
with commercial patches containing lidocaine/epinephrine was
studied on pediatric patients demonstrating that the 92–100% of
the subjects had no evidence of erythema or edema.

Fig. 3A shows the percutaneous penetration profiles of lido-
caine obtained by 5 and 10-min of iontophoresis with a current
of of 2 mA compared with the profiles obtained by passive dif-
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996, 1999) have shown that minute modifications of the inter-
acial composition of the nano-droplets cause marked shifts of
he percolation limit. It is evident, therefore, that factors like
ncreases in temperature and amounts of water as well as changes
n surfactant type and structure may significantly affect the per-
olation picture. It is most likely, therefore, that the substitution
f PEG-40 stearate with polysorbate 80 obstructs percolation
y rigidifying the interface between the water of the inner phase
nd the oil-continuous phase, resulting in a significant decrease
n migration of lidocaine ions during iontophoresis and reduced
iffusivity through the water channels within the percolation
lusters. Interfacial rigidity may be formed by certain surfactants
e.g., polysorbates) due to strong hydrogen bonding interactions
ccurring between the bulky ‘polar head’ groups in the interface
s well as between the polar groups and drug molecules.

.2. In vitro percutaneous lidocaine penetration

Drug penetration through iontophoresed skin depends on the
hysiological pH of the skin. It has previously been shown
Merino et al., 1999; Lopez et al., 2001; Marro et al., 2001) that
oth the pH environment of the skin and the degree of ioniza-
ion of the drug dictate the mechanism of the iontophoretic drug
ransport. As summarized in Table 2, a short process (maximum
f 10 min) of anodal iontophoresis increased the penetration flux
f lidocaine (in 3 mM NaCl solutions) by one order of mag-
itude, with no statistically significant differences between the
hree pH environments used in the receiver compartments. These
ndings may imply that: (a) the dominant mechanism of lido-
aine transport is electrorepulsion, even at the isoelectric point
f the skin (pI = pH 4) and not only when the skin is negatively
usion. Fig. 3B and Table 3 show how the same experimental
onditions affect the in vitro penetration of lidocaine from a
icroemulsion vehicle. In contrast to the linear profiles obtained

rom the lidocaine solution, the application of a microemulsion

able 3
ransdermal fluxes of lidocaine hydrochloride from sodium chloride solution
nd from microemulsion without and with 5 and 10 min of iontophoresis

ransdermal method Transdermal flux (�g cm−2 h−1)

Solution Microemulsion

Initial fluxa Late flux

assive diffusion 2.43 ± 0.88 – 1.58 ± 2.28
ontophoresis (2 mA for

5 min)
12.88 ± 3.47 15.02 ± 6.42 5.70 ± 3.11

ontophoresis (2 mA for
10 min)

22.63 ± 6.12 41.60 ± 16.16b 13.26 ± 6.75

a Penetration rate from 1 to 4 h after microemulsion application.
b Significant difference (p < 0.05) between the data obtained for the
icroemulsion and those for aqueous solution.
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Fig. 2. Photographs of skin sites on a rabbit model after microemulsion application and 10-min iontophoresis at two different currents: (A) 4 mA and (B) 2 mA.

resulted in an initial burst of high-rate drug penetration through
the skin, which lasted about 3 h, followed by a continuous low
flux. It should be pointed out that for local anesthetics, the ’burst
effect’ is of prime importance since it speeds up the onset of the
effect. As shown in Table 3, the microemulsion vehicle signifi-
cantly increased the initial lidocaine flux obtained after 10 min
of the iontophoresis treatment compared with solution applica-
tion under the same treatment conditions (p < 0.05), but it did not
make a significant difference after 5 min of iontophoresis. For the
aqueous solution, the 5 and 10 min of short-term iontophoresis
increased the lidocaine flux from 2.43 ± 0.88 (passive diffusion)
to 12.88 ± 3.47 and 22.63 ± 6.12 �g cm−2 h−1, respectively.
The value of the flux for the combination of microemulsion with
5 min of short-term iontophoresis (15.02 ± 6.42 �g cm−2 h−1)
was similar to that obtained for the combination of solu-
tion with 5 min of short-term iontophoresis. However, for the
10 min of short-term iontophoresis, the flux for the microemul-
sion (41.60 ± 16.16 �g cm−2 h−1) was almost double that of
the solution (22.63 ± 6.12 �g cm−2 h−1) (p < 0.05). The late

steady-state flux (i.e., between 3 and 8 h) was obviously sim-
ilar in both microemulsion and solution combination treat-
ments, indicating that the changes in skin properties can be
reversed.

3.3. In vivo cutaneous lidocaine delivery

The in vitro penetration flux is usually a good indicator for
the transdermal skin permeability of a drug, but it does not pro-
vide any insight into the intradermal drug distribution or its
concentration gradient along the skin layers. Finding that the
transdermal flux is relatively high may imply that the intrader-
mal flux of the drug is also high, but they may not necessarily
indicate whether a large depot of the drug has been created in
the skin at steady state. This information can be derived only by
monitoring the skin compartment in vitro or in vivo.

The penetration of lidocaine solution into the dermis and
the epidermis after 10 min of iontophoresis as a function of
time, as compared with the passive diffusion of the drug, is

F ort-te
p hydro
o min o
ig. 3. Cumulative lidocaine penetration through porcine skin in vitro after sh
assive drug permeability; (A) iontophoresis and aqueous solution of lidocaine
f microemulsion to the iontophoretic drug delivery was obtained only after 10
rm iontophoresis (2 mA or 1.13 mA/cm2) for 5 or 10 min, as compared with
chloride and (B) iontophoresis and microemulsion. Note that the added effect
f application of the 2 mA electrical current.
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Table 4
Concentrations of lidocaine in skin layers after application of lidocaine HCl-containing solution or microemulsion to rats in vivo

Time (min) Lidocaine concentration (�g cm−2)

Iontophoresis (2 mA for 10 min) Passive diffusion

Epidermis Dermis Epidermis Dermis

(A) Solution
30 21.44 ± 10.42 5.30 ± 2.25 1.45 ± 0.87 0.26 ± 0.15

120 7.97 ± 4.11 2.23 ± 1.75 2.86 ± 1.65 1.43 ± 1.19
240 10.83 ± 8.30 2.32 ± 2.55 3.58 ± 2.81 1.65 ± 2.15

(B) Microemulsion
30 57.71 ± 18.65** 18.43 ± 9.17** 1.51 ± 1.00 0.22 ± 0.18

120 51.95 ± 21.59** 17.51 ± 9.53** 6.78 ± 4.30 1.01 ± 0.78
240 35.68 ± 8.50** 19.60 ± 7.92** 16.18 ± 9.39** 2.17 ± 0.17

** Significantly different (p � 0.05) as compared with the corresponding values obtained for the aqueous solution.

shown in Fig. 4 and Table 4A. The passive diffusion of lido-
caine from the aqueous drug solution was characterized by
slowly increased levels of the drug in the skin layers up to
3.58 ± 2.81 and 1.65 ± 2.15 �g cm−2 in the epidermis and der-
mis, respectively, after 4 h. Twenty minutes after the 10-min

iontophoresis (at t = 30 min), high drug levels of 21.44 ± 10.42
and 5.30 ± 2.25 �g cm−2 were found in the epidermis and der-
mis, respectively. After 2 and 4 h, respectively, the skin drug
levels dropped rapidly to about half, i.e., to the same levels found
in the dermis after passive diffusion. The results for the combi-

Fig. 4. Iontophoretic delivery of a 2.5% lidocaine HCl solution into the DERMIS and EPIDERMIS (n = 7) of rats. The solution was applied with the anode using a
10-min iontophoresis at current density of 1.17 mA/cm2.

F
a

ig. 5. Iontophoretic delivery of a 2.5% lidocaine HCl microemulsion into the DERM
node using a 10-min iontophoresis at current density of 1.17 mA/cm2.
IS and EPIDERMIS (n = 6) of rats. The microemulsion was applied with the
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Fig. 6. Effect of microemulsion vehicle on iontophoretic delivery of lidocaine
hydrochloride to rats. The drug preparations were applied with the anode using
a 10-min iontophoresis at current density of 1.17 mA/cm2.

nation of microemulsion with iontophoresis are shown in Fig. 5
and Table 4B. With this combination, lidocaine accumulation
after 30 min was approximately three- and two-fold higher in
the dermis and the epidermis, respectively, than the accumula-
tion after applying the aqueous solution.

Although significantly higher levels of lidocaine were
obtained after short-term iontophoresis (Table 4B) as com-
pared with the aqueous solution, it should be noted that
the passive diffusion of lidocaine from the microemulsion
was also characterized by an increased drug accumulation
in the skin layers, especially in the epidermis. After 4 h of
passive diffusion from the microemulsion, 16.18 ± 9.39 and
2.17 ± 0.17 �g cm−2 were found in the epidermis and der-
mis, respectively. After 10 min of the iontophoresis, concentra-
tions of 57.71 ± 18.65 and 18.43 ± 9.17 �g cm−2 were reached
in the epidermis and dermis, respectively, at t = 30 min of
microemulsion application. After the combined treatment, the
drug depot was maintained in the dermis for as long as 4 h
(Figs. 5 and 6), while the lidocaine concentration in the epider-
mis decreased slowly to 35.68 ± 8.50 �g cm−2 by that time. As
presented in Fig. 6, the values obtained throughout the exper-
iment for the microemulsion/iontophoresis combination were
significantly higher than those obtained for the aqueous solu-
tion/iontophoresis combination (p � 0.05). The accumulation of
a large skin drug depot for a prolonged period of time may indi-

cate on the potential of the microemulsion/iontophoresis treat-
ment to accelerate and amplify the anesthetic effect in the clinical
practice.

4. Conclusions

Application of an electric field for 10 min appears to cause
significant enhancement of lidocaine permeation through the
stratum corneum. We found the combination of a microemulsion
formulation of lidocaine with 10 min of iontophoresis (electric
current density of 1.13 mA/cm2) to be the most effective delivery
protocol. Both the in vitro and the in vivo studies demonstrated
that this combination increased the flux in comparison with that
obtained with the aqueous lidocaine solution. The in vivo studies
revealed that this combination gave relatively high drug concen-
trations in both the dermis and epidermis for up to 4 h. In contrast,
application of the aqueous solution/iontophoresis combination
resulted in relatively lower drug accumulation with more rapid
clearance of the drug from the skin.

The advantages of the combined microemulsion/10-min ion-
tophoresis procedure includes significantly increased fluxes,
accumulation of a large skin drug depot, short lag times, possibil-
ity of reducing irritation (compared to long-term iontophoresis),
simplicity and ease of compliance. The explanation for the phe-
nomenon that the less electrically conducting system (relative
to the aqueous solution) – the microemulsion – increased ion-
t
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ophoretic delivery of lidocaine ions may lie in the hopping of
ons within nano-droplet clusters, but it still remains to be thor-
ughly investigated.
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