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bstract

The resealing of porcine epidermis after electroporation is investigated. Porcine epidermis was subjected to electroporation (30 pulses at 100 V,
ms and at 1 Hz) in a vertical diffusion apparatus, in the presence of 2 mg/ml dimyristoylphosphatidylserine, to produce a long lasting permeable

tate. Resealing treatments include incubation in 0.0625–0.25 mM poloxamer 188 (P188), or incorporation of phosphatidylcholines (PC) and/or
ationic lipids with additional pulses. The recovery of electric resistance of the epidermis samples after electroporation with or without resealing
reatments was monitored. The transports of carboxyfluorescein and glucose were measured during the recovery process. Both P188 and PC were

ffective in resealing in terms of electric conductance and transport, with P188 reacting more rapidly and completely. P188 mediated lipid exchange
etween stratum corneum lipid particles was measured by fluorescence resonance energy transfer (FRET). Lipid reorganization facilitated by P188
nd PC is suggested to be a major resealing mechanism of electroporation damage.

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

The transdermal path has become an increasingly popular
oute for delivering drugs. However, a major disadvantage to
opical and transdermal drug delivery is that not every drug
s capable of diffusing across the skin at a viable rate. Usu-
lly, only small, hydrophobic drug molecules can be effectively
ransported through the major barrier of the skin, the stra-
um corneum (SC). A number of methods have been devised
o enhance the flux and to extend the molecular weight lim-
tations of transdermal delivery. Both chemical and physical
nhancement strategies have been explored for this purpose.
hysical enhancing techniques such as electroporation (Denet et
l., 2004), thermoporation (Bramson et al., 2003) and micronee-
les (Prausnitz, 2004) have the potential to create pores in the
kin so that large, hydrophilic molecules may also pass through

he SC, thereby extending the realm of deliverable drugs. By
pplying electroporation, new pathways (pores or local transport
egion, LTR) are created resulting in transient permeabilisation

∗ Corresponding author. Tel.: +1 716 845 8595; fax: +1 716 845 4928.
E-mail address: Sekwen.hui@roswellpark.org (S.W. Hui).
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f the SC (Prausnitz et al., 1993; Gallo et al., 1997). It was found
hat these pathways remained open for minutes after the cessa-
ion of pulse trains, and that more drugs were transported during
he post-pulse period than during the pulse application period
Murthy et al., 2003). Electroporation-mediated transport can
e further enhanced if anionic lipids are present during puls-
ng, which extend the lifetime of the transport pathways (Sen et
l., 2002a,b). The prolonged lifetime manifests as an extended
eriod when the electric resistance of the skin remains almost as
ow as that immediately after the pulse train application, when
he SC is permeated (Sen et al., 2002b).

Although a prolonged permeated state of the skin presents
n advantage for drug transport, the slow recovery of the bar-
ier function of the skin, nevertheless, causes a problem. A low
esistive state suggests that the barrier property of the skin is
ompromised. Resealing of the skin after the completion of the
rug delivery process to prevent further unwanted ingress of
aterials is therefore desired. However, very little information

s available based on which to develop a skin resealing protocol.

A family of surface-active block copolymers known as polox-

mers consisting of a hydrophobic poly(propylene oxide) group
apped with hydrophilic poly(ethylene oxide) moieties at two
nds, have been shown to seal damaged cell membranes (Lee et

mailto:Sekwen.hui@roswellpark.org
dx.doi.org/10.1016/j.ijpharm.2006.12.006
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l., 1992; Padanilam et al., 1994; Hannig et al., 2000; Orringer
t al., 2001). These amphiphilic block co-polymers have a
etergent-like property and tend to interact with lipid bilayers.
he interaction depends on the hydrophilic–lipophilic balance

HLB) of the polymer, which in turn depends on the ratio of the
engths of its hydrophilic and hydrophobic blocks (Alexandridis,
997). The adsorption/partition into lipid bilayers also depends
n the structure of the lipid bilayer present. It was found that
ertain poloxamers such as P188 selectively partition into low
ensity state or regions of the bilayer and render them to pack
ore tightly (Wu et al., 2004; Maskarinec et al., 2002). On the

ther hand, certain poloxamers adsorb/insert into lipid bilay-
rs and disturb their structural integrity (Erukova et al., 2000;
emina et al., 2005). The former property has been utilized to

acilitate the recovery of damaged cell membranes. Poloxamer
88 (P188) has been shown to reduce dye leakage from cells
fter electroporation (Lee et al., 1992) and improve cell sur-
ival after gene therapy using electroporation (Agarkova et al.,
987; Kusaoke et al., 1989). We hypothesize that P188 may help
esealing skin/epidermis after electroporation, and there would
e an increase in skin resistance as the damage is repaired.

Although anionic lipids are skin permeability enhancers in
lectroporation, neutral and cationic lipids seem to have an
pposite effect (unpublished results). Phosphatidylcholine (PC)
as found to be a damage retardant in electroporation and

ontophoresis; PC liposomes applied during and after pulsing
ccelerated skin barrier repair (Essa et al., 2003, 2004). Thus,
eutral and cationic lipids have potential to be used as skin
esealants.

The study presented here is directed at the uses of lipids
r poloxamers (P188) as skin resealing agents after anionic
ipid-facilitated, electroporation-mediated transdermal trans-
ort of molecules. We studied the resistance recovery of
pidermis permeabilized with dimyristoyl-phosphatidylserine
DMPS)-enhanced electroporation, and then infused with
ioleoyl-phosphatidylcholine (DOPC) or a 1:1 ratio mixed dis-
ersion of DOPC and dioleoyl-3-trimethylammonium propane
DOTAP), or after passive treatment with P188 to reseal
he epidermis. The transport of glucose or 5- (and 6-
carboxyfluorescein (CF) following these resealing treatments
as examined. The resealant functioning as activator for lipid

eorganization was investigated.

. Methods and materials

.1. Chemicals

1,2-Dimyristoyl-sn-glycero-3-[phospho-l-serine] (Sodium
alt) (DMPS), 1,2-dioleoyl-3-phosphatidylcholine (DOPC),
,2-palmitoyl-3-phosphatidylcholine (DPPC), 1,2-myristoyl-3-
hosphatidylcholine (DMPC), dioleoyl-3-trimethylammonium
ropane (DOTAP), 1,2-dioleoyl-3-phosphatidylethanolamine-
-lissamine rhodamine B (rhodamine-PE) and egg phosphati-

ylethanolamine-fluorescein (fluorescein-PE) were obtained
rom Avanti Polar Lipids Inc. (Alabaster, AL); the concen-
rations were checked periodically by phosphate analysis to
nsure they agree with manufacturer’s specifications. 5- (and 6-
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carboxyfluorescein (CF) was purchased from Molecular Probes
Eugene, OR); Dulbecco’s phosphate buffered saline (PBS) was
btained from Gibco/BRL (Grand Island, NY). Poloxamer P188
s a generous gift from BASF Corp. (Mount Olive, NJ).

.2. Porcine epidermis

Full thickness porcine abdominal skin was obtained fresh
rom the Center for Cardiovascular Medicine, SUNY Buffalo.
kin was heated to approximately 60 ◦C for 2 min and the epi-
ermis was gently peeled off from the skin (Goldschmidt and
ligman, 1963). The fresh epidermis was placed onto filter
aper, allowed to dry and stored at −20 ◦C until used. Before use
he epidermis was placed in 0.9% saline solution and hydrated
or 1 h.

.3. Lipid formulation

SC was isolated from the epidermis by overnight trypsin treat-
ent. The lipids of SC were extracted as previously described

Murthy et al., 2003). The lipids were stored at −80 ◦C until
sed. Given quantities of DMPS, DOPC or DOTAP were dried
nder a stream of dry nitrogen. Drying continued for 1 h in a
acuum desiccator to remove any trace amount of solvent. The
amples were dispersed, by vortexing in PBS, at a concentration
f 2 mg/ml lipid. Where both DOPC and DOTAP were used,
mg of each was used to give a combined lipid concentration
f 2 mg/ml.

.4. General experimental setup

Electric resistance and transport measurements were carried
ut using a Franz-type vertical glass diffusion apparatus (Crown
lass, Somerville, NJ). A piece of epidermis was placed between

wo compartments of the diffusion apparatus, one serving as the
onor and the other as the receiver compartment. The area of
pidermis separating the two compartments was 0.64 cm2. Ini-
ially, the donor compartment contained 200 �l of either 2 mg/ml
ipid dispersion or PBS. The receiver compartment was filled
ith PBS. Platinum wire electrodes were placed within 2 mm

o the epidermis in both the donor and receiver compartments
f the diffusion apparatus. The water jacket of the apparatus
as connected to a circulating water bath and maintained at
7 ◦C. Electroporation was carried out using a pulse generator
Velonix 345, Santa Clara, CA, or AVTEC AVR-G1, Sonnen-
erg, NY) delivering 30 unipolar pulses of 90–100 V (1 ms pulse
idth at 1 Hz). To monitor the effect of resealants on the repair
f the epidermis, the pulsed epidermis was washed with PBS,
nd treated with resealants (200 �l of either 2 mg/ml lipid sus-
ension or 0.125 mM P188 solution for 30 s) after the initial
ulses. Since some resealant lipids do not readily penetrate the
pidermis, the lipid treatment was assisted by an additional
rain of 30 pulses. For DMPS and DOPC, the negative elec-

rode was in the donor compartment while for DOPC + DOTAP
he positive electrode was in the donor compartment. For
omparison, an additional train of 30 pulses was applied in
BS prior to passive poloxamer treatments. Electric resistance
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residue value of the diffusion apparatus, typically 1–2 k�. This
was less than 10% of its pre-pulse values Ri, i.e. the relative
resistance R1(=R/Ri) is <0.1. After the lipid pulse treatments,
the relative resistance R2 did not change immediately regardless

Table 1
Instantaneous relative resistancea after initial electroporation pulses (R1) and
after resealant treatment pulses (R2)

Electroporation
pulses

R1 Resealant treatment
pulses

R2 n

DOPC, 30P 0.08 ± 0.05 PBS, 30P 0.05 ± 0.03 10
DMPS, 30P 0.05 ± 0.03 PBS, 30P 0.03 ± 0.02 11
DMPS, 30P 0.08 ± 0.06 DOPC, 30P 0.06 ± 0.05 10
DMPS, 30P 0.08 ± 0.05 DOPC + DOTAP, 30P 0.05 ± 0.03 7
DMPS, 30P 0.08 ± 0.03 PBS, 0P 0.83 ± 0.21 5
DMPS, 30P 0.12 ± 0.08 P188, 0P 0.95 ± 0.16 6

Errors represent standard deviation; P indicates number of applied pulses; dif-
S.E. Burgess et al. / International Jour

r transport measurements were taken immediately after the
reatment.

.5. Electric resistance measurements

Pre- and post-pulse epidermis resistances were measured
sing continuous low voltage (500 mV) 1 kHz bipolar square
aves produced by a functional generator (Dynascan Model
300, Chicago, IL). A load resistor, RL = 4.7 k�, was placed in
eries with the epidermis, so that the voltage drop across the
hole circuit, V0, and across the skin, VS, could be measured
y a recording digital oscilloscope (Fluke 99 Scopemeter Series
I, Holland). The electric setup had been given previously (Sen
t al., 2002b; Gallo et al., 2002). The resistance of the skin, RS,
as approximated from the formula:

S = VS × RL

V0 − VS

A piece of epidermis was used only if the resistance before
reatment was greater than 5 k�. The resistance was monitored
or 30–60 min following electroporation treatment.

.6. Carboxyfluorescein transport measurements

CF transport through porcine epidermis was measured using
receiver cuvette adapted to contain electrodes and a donor

hamber (Murthy et al., 2003). Following electroporation and
esealing treatments (as described in Section 2.4), the epider-
is was washed with PBS, and 200 �l 250 �g/ml CF solution
as added to the donor compartment. The amount of CF trans-
orted across the epidermis into the receiver compartment was
easured by monitoring the intensity increase over 1 h on a
LM 8000 Spectrofluorimeter (SLM Instruments, Urbana, IL).
xcitation and emission wavelengths were 491 and 518 nm,

espectively. The amount of CF was determined from the mea-
ured fluorescence intensity using a calibration curve prepared
ith known amount of CF.

.7. Glucose transport measurement

Cumulative transport of glucose through porcine epidermis
ver a 30 min period was measured using the glass diffusion
pparatus. Because glucose transport was much slower and the
ssaying method was less sensitive than those for CF, it was not
ractical to measure it in a shorter time interval. After electro-
oration and resealant treatments, the epidermis was washed in
BS and 0.2 ml of 1 mM glucose solution was added to the donor
ompartment and left for 30 min. The content of the receiver
ompartment was then removed, and the glucose concentration
as measured using a Glucose (Trinder) 100 kit from Sigma
iagnostics (St. Louis, MO).

.8. Lipid exchange measurement
Lipid exchange as a result of resealant treatment was exam-
ned using liposomes made from total lipid extraction of the SC.
iposomes were made from dried lipids by dispersing at 65 ◦C

f
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b

p
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n phosphate buffer (pH 6.5) at a concentration of 1 mg/ml. The
ispersions were then sonicated at 65 ◦C for a total of 5 min.
hese liposomes were doped either with 1 mol% of FITC-PE or
ith 1 mol% of rhodamine PE. Lipid exchange between lipo-

omes, as a result of structural reorganization and fusion, was
easured by fluorescence resonance energy transfer (FRET).
he emission intensity of rhodamine at 590 nm resulting from
xcitation at 419 nm of fluorescein was measured as a function
f time after rapid mixing of these two populations of liposomes
n a cuvette in a spectrofluorimeter (SLM 8000, Urbana, IL).

.9. Statistical analysis

Student’s t-test was selected as the test of significance and a
-value less than 0.005 was considered statistically significant.
he data points provided in the graphs are mostly an average of

hree to five trials. The error bars represent standard deviation.

. Results

.1. Recovery of electric resistance

A rapid way to monitor skin permeability is by electric resis-
ance measurement. The electric resistance, representing mostly
he transport of ions, is closely related to the skin permeability.
he electrical resistance of intact SC is between 5 and 25 k�/cm2

Denuzzio and Berner, 1990) and has an electrical breakdown
otential around 75–100 V (Pliquett et al., 1995; Edwards et al.,
995). The resistance recovery after one pulse was rapid, but
ecovery after multiple pulses was slower and easier to moni-
or (Pliquett et al., 2005). Because DMPS at a concentration of
mg/ml or higher further impeded resistance recovery (Sen et
l., 2002b), we chose to study the resealing after the epidermis
as subjected to 30–60 pulses in the presence of DMPS.
As shown in Table 1, immediately after applying the pulse

rain, the instant resistance of the epidermis, R, fell close to the
erences of all R1 values are not significant; difference among R2 of the first
our rows and among the last two rows are not significant (p < 0.2); difference
etween R2 the first four rows and the last two rows are significant (p < 10−7).
a Relative resistance is the instantaneous resistance value relative to the pre-
ulse resistance value.
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Fig. 1. Resistance recovery after 30 electroporation pulses in the presence of
DMPS or DOPC, and 30 pulses of resealant treatment. The recovery is plotted as
the ratio, R/R0, of the time-dependent resistance value R relative to the resistance
value R0 measured immediately after the resealing treatment (at time zero). Pulse
protocols are described in the legend block first as the number of electroporation
pulses and the pulse media, followed by the number of treatment pulse and the
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Fig. 2. Typical recovery of resistance after 30 pulses in DMPS and 30 pulses
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large, the cumulative transport was plotted in a logarithmic scale
for clarity. The transport in the group treated with 30 pulses in
DOPC was lower. The transport of all other treatment groups,
including P188 treatment with and without additional pulse, and
reatment or control media. P188 (0.125 mM), when used, was added either
uring or after the treatment pulses in PBS, with similar results (4 ≥ n ≥ 3).
rror bars represent standard deviation.

f whether or the type of lipids introduced. Without additional
ulse treatment, the epidermis resistance regained to 83% of its
re-pulse value in 10 min after the cessation of the initial 30 pulse
rain application. If the poloxamer P188 (0.125 mM) was present
uring these 10 min, the resistance recovered almost completely
o its pre-pulse value. The recovery in both cases were significant
p < 10−7). The kinetics of long-term recovery effects of these
eputed resealants were examined next. All long-term experi-
ents were conducted using 60 pulses (30 porating pulse with
MPS and 30 treatment pulses either with or without resealing

ipids). In the case of P188 treatment, the poloxamer was added
ither before or after 30 additional “treatment” pulses in PBS.
he results are shown in Fig. 1. All epidermis resistances recov-
red to some extent in 60 min, with a more rapid recovering
hase in the first 5–10 min. The effects of different resealants
iffered considerably. After an initial 30 pulses in DMPS and
n additional 30 pulses with or without DMPS, the resistance
ecovered only slightly in 60 min, to less than 1.5 times from the
alue R0 measured immediately after the treatment. The effect
f the cationic lipid DOTAP alone at 2 mg/ml was minimal.
here was no significant difference within this treatment group

control group). Treatments with either saturated (DPPC and
MPC) or unsaturated (DOPC) phosphatidylcholine (in some

ases as 1 mg/ml:1 mg/ml mixture with DOTAP) after the initial
0 pulses in DMPS boosted the recovery in 60 min to about twice
he R0 value. Again, there was no significant difference within
his treatment group (PC group) Treatment of P188 brought
apid and strong recovery in a concentration-dependent man-
er (Fig. 2). In 60 min, the resistance increased 3.5-fold from
he R0 value (Fig. 1). Interestingly, if DOPC was substituted for

MPS in the initial (porating) and/or treatment pulses, the recov-

ry was also more pronounced (Fig. 1), although the effect was
ot noted immediately after the pulse application (Table 1). All
reatment groups (except with DOTAP alone) recovered signif-

F
m
i
l

n PBS, and treated with different concentrations of P188. The concentrations
re: 0.25 mM (triangles), 0.025 mM (squares) and 0.0025 mM (diamonds). Dif-
erence between treatment concentrations are significant (p < 0.005).

cantly faster and more complete than the control (DMPS only)
roup (p < 0.005). However, difference among various treatment
roups are not as significant (p < 0.01).

.2. Restoration of the skin barrier function against
arboxyfluorescein and glucose transport

The kinetics of transport of a negatively charged, water-
oluble compound, carboxyfluorescein (CF), over a period of
0 min was measured. The effects of various putative resealants
n the transport were examined. Fig. 3 shows that the trans-
ort of CF after 30 pulses with DMPS followed by 30 pulses
n PBS was significantly higher than that for any other groups.
ransport of CF after 30 pulses with DMPS and left in PBS
or 30 s without pulsing was still higher than those groups with
urther resealant treatments. Because the differences were very
ig. 3. Plot of log(concentration) of CF transport against time. Pulse and treat-
ent protocols described in the legend box have the same connotation as those

n Fig. 1 (6 > n > 3). Standard deviations, typically less than half a log range, are
eft out for clarity.
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Fig. 5. Lipid exchange between stratum corneum lipid particles suspended in
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ig. 4. Cumulative glucose transport in 30 min after various resealing treatments
14 ≥ n ≥ 3). Error bars represent standard deviation.

hose pulsed in DOPC + DOTAP, were practically the same as for
assive CF transport or pulsed with PBS alone without DMPS,
uggesting that the epidermis had been resealed.

Fig. 4 shows the cumulative transport of glucose in 30 min
fter pulsing in DMPS and resealant treatments. The transport
fter 30 pulses with DMPS, followed by another 30 pulses in
MPS was significantly higher than those followed by 30 pulses
ith DOTAP + DOPC or DOTAP + DMPC (Fig. 4, columns 1–3,
< 0.005). Treatment with P188 for 30 min without pulsing (col-
mn 5) had similar results (p > 0.01) as pulse treatment with
188 (column 4). The glucose transports in both P188 groups
f samples were significantly (p < 0.005) lower than that in
nsealed (DMPS only) samples (column 1). The results indi-
ate that the epidermis resealed more rapidly against glucose
ransport by resealant treatments.

.3. Repair mechanism of poloxamer P188

To study if the repair of the epidermis barrier function is
elated to lipid reorganization, the following lipid exchange
xperiments by fluorescence resonance energy transfer (FRET)
ere performed. Liposomes were made of SC total lipid extract
ith FRET tracers. Reorganization of lipid structure via lipid

xchange or fusion between particles would be indicted by
RET. The FRET intensity as a function of time after lipo-
ome mixing is shown in Fig. 5. Lipid mixing, as indicated
y FRET intensity, increased with time. There was a moderate
ncrease of lipid mixing even in the absence of P188. Because the
xperiment was carried out in pH 6.5 buffer, a certain degree of
iposome fusion contributing to FRET was expected (Murthy et
l., 2003). With the increase of P188 concentration from 0.0625
o 0.125 mM, there was an initial increase in FRET intensity, but
he endpoints were almost indistinguishable. Further increase

he concentration to 0.2 mM significantly increased the FRET
ntensity. It was likely that a threshold of about 0.1 mM was
eeded to initiate a detectable recovery process with p188. It
hould be noted that, after the addition of 0.125 mM of P188

l
t
e
r

H 6.5 buffer solution with different concentrations of P188, measured as FRET
ntensity against time. Traces of repeated samples superimpose within noise
ange.

o the sample, a portion of sample particles was reduced from
icrometer size to less than 20 nm, as measured by dynamical

ight scattering (results not shown). Lipid particle at this small
ize indicated micelle formation.

. Discussion

Up to now, the investigation of transdermal drug delivery has
een focused on methods to open up transport pathways to facil-
tate the passage of drugs. There has been relatively little effort
o study the resealing of the pathways thus opened. With meth-
ds developed to prolong the opening time of pores or pathways,
here is more need to develop methods to control the resealing of
hese openings once the delivery process is completed. The skin
ill reseal spontaneously, but the process is slow and gradual.
uch long-term opening or partial opening of skin pores poses
risk of water loss and harmful substances influx if the skin is

eft to reseal spontaneously.
We found that most putative resealants such as PC and P188

ccelerate resistance recovery, while the cationic lipid DOTAP
lone at 2 mg/ml has little effect (Fig. 1). At 0.125 mM, the
epair action of P188 is more effective and more rapid than that
y PC. This finding parallels the short term CF transport kinet-
cs which shows P188 treatment immediately impedes the CF
ransport to the extent of unpulsed epidermis (passive diffusion)
r that pulsed in the absence of DMPS. The effect of PC is
lower and less effective; the CF transport is noticeable at the
rst 600 s but then the resealing process catches on and lev-
ls the transport to slightly more than that for passive diffusion
Fig. 3). When mixed with PC at 1 mg/ml:1 mg/ml ratio, DOTAP
elps resistance recovery and resealing against CF transport. The

ong-term cumulative transport of glucose echoes those for CF
ransport, i.e. P188 and PC + DOTAP are effective resealants,
ven after 60 pulses. Apparently, when mixed with PC at 1:1
atio, DOTAP is effective in resealing. When used alone in
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ull strength (2 mg/ml), the positive charge of DOTAP may be
xcessive for the resealing function.

How do poloxamer and lipid resealants work? Electropo-
ation creates sporadic local transport region (LTR) through
hich hydrophilic molecules can pass through (Sen et al., 2002b;
liquett et al., 2005). Microscopically, these regions represent
temporary breakdown of the lipid lamellae in the SC, into

ones of aggregates of lipid vesicles (Gallo et al., 2002). This
ype of structure is supposedly permeable to hydrophilic sub-
tance. In order for the lamellae to reform to repair the barrier
unction, a structural reorganization would be necessary. This
rocess invariable involves lipid mixing. Since most SC lipids
re amphiphilic with a very low critical micellar concentration
CMC), spontaneous regrouping through monomer exchange
ould be very slow especially at an experimental temperature

37◦) which was much below the phase transition temperature
f SC lipids (∼70◦) (Murthy et al., 2004b). Introduced lipids
re known to mix with SC lipids. We hypothesize that incorpo-
ating DMPS in the LTR lipids further stabilizes the vesicular
tructure by inhibiting the approach of lipid vesicles due to its
harged nature, thereby prolonging the lifetime of the perme-
ble state of the SC (Sen et al., 2002b). This was manifested
s prolonged low skin resistance state when the epidermis was
ulsed in DMPS (as compared to DOPC, Fig. 1). Detergent-like
oloxamer P188 would facilitate the lipid exchange via defect
nd micelle formation, even breaking down vesicular structures
o pave the way for lamellae reformation through lipid self
ssembly upon subsequent polymer dilution. Indeed, part of the
opulation of particles of total lipid extraction of SC became
uch smaller upon P188 addition, implying vesicle breakdown

nd micelle formation. This hypothesis is supported by the lipid
xchange measurement by FRET, showing P188 accelerates
ipid exchange in a concentration-dependent manner as steps
oward reorganization and lamellar formation. The detergency
f poloxamer P188 must be sufficient to facilitate lipid exchange,
hile not strong enough to disrupt the existing lamellar structure
f the SC lipids. Other detergents are known to be enhancers for
ransdermal transport with or without electroporation (Murthy et
l., 2004a). The mechanism of action of poloxamers either as a
ransport enhancer, or a membrane resealer is believed to be their
bility to interact with lipid bilayers. By altering the molecular
acking of the bilayer, poloxamers lower the energy barrier of the
ilayer to reorganize, either loosening a tightly packed, imper-
eable bilayer to a more permeable state, or to facilitate the

ore-laden and vesicularized bilayer to reform into continuous
amellae. The reaction depends on the HLB and the concentra-
ion of the poloxamer, the packing state of the targeted bilayer,
s well as the subsequent dilution of poloxamers though diffu-
ion. A thorough study of the HLB of poloxamers and similar
mphiphilic polymers for the best skin resealing property, such
s that for their membrane destabilization property (Demina et
l., 2005), is in order.

The neutral phospholipid PC has been shown to accelerate

he repair of permeability induced by electroporation (Essa et al.,
003). The authors suggested that the repair mechanism was by
eleased monomers impeding the transport pathway (Essa et al.,
003, 2004). In those reports, soybean PC, which had transition

A

A
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emperature below zero degree, was used. In this present study,
ll PC used also have lower phase transition temperature than
hat of the SC lipid. When mixed with the SC lipid in LTR, the
ransition temperature of the mixture would be lower than that
f the unmodified SC lipids. Raising the experimental tempera-
ure closer to the transition temperature of the SC lipid is known
o facilitate the permeation by and recovery from electropora-
ion pulses (Gallo et al., 2002; Murthy et al., 2004b). At or near
he phase transition temperature, defects in the bilayer lower the
nergy barrier for structural reorganization. By the same token,
owering the transition temperature of the lipids in the LTR,
ecovery could be accelerated. We postulate an alternative mech-
nism that the PC-induced recovery effect is due to the lowering
f the transition temperature of the SC lipid in the LTR when
ow-melting PC is mixed with the SC lipids. Indeed, the effect of
ow transition temperature lipids such as DOPC is stronger than
MPC or DPPC. Being neutral, PC does not have the charge

epulsive effect of DMPS, which inhibits mutual approaching
f vesicles as a precursor for lamellar reformation. PC and PS
ave similar CMC; their monomer concentration in water would
e similar but their effects on recovery are exactly opposite. In
he case of DMPS, the charge repulsion effect of the PS head-
roup dominates over the transition temperature lowering effect
ith regard to lipid reorganization.
In a broad sense, bilayer defects created by the detergent-like

188 or by lowering the phase transition temperature as a result
f mixing PC with SC lipids in the LTR, facilitate lipid reorga-
ization towards lamellar reformation in the LTR. Reformation
f the lamellar structure is linked to the recovery of the barrier
unction of the epidermis (Gallo et al., 1999). Since PC treatment
s less effective and requires additional pulses to incorporate the
ipid into the SC, poloxamers are a more preferable choice as a
kin resealing agent.

. Conclusions

The results suggest that, following anionic lipid-facilitated
lectroporation-mediated transdermal drug delivery, it is possi-
le to apply a passive solution of P188 or actively inserting PC
o reseal the skin at the treatment site, restoring the skin barrier
unction.
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