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Studies on the synergistic effect of electroporation or sonophoresis on the enhancement ability
of iontophoretic delivery across the skin

Introduction:  Transdermal drug delivery systems (TDDS) have made an important contribution to medical practice.
However, because of the poor permeability of the skin, due to its high barrier properties, the number of drugs that can be
delivered via the transdermal route is limited. Over the years, various chemical and physical enhancement techniques have
been developed to enlarge the selection of candidate drugs for TDDS. In particular, physical enhancement techniques can
be used to deliver macromolecules, such as proteins and peptides, which have been expected as an alternative to injection
devices. The characteristic features of these techniques are that they are able to deliver drugs actively by creating new
aqueous pathways and/or by utilizing external energy across the skin.  Recently, various research designs and
commercial development efforts have led to the testing of some products in clinical trials. Some of the physical
enhancement techniques that are under investigation include iontophoresis (applying an electric current), electroporation
(disrupting the lipid-bilayer through short, high-voltage pulses), sonophoresis (using low-frequency ultrasound), and
microneedles (perforating the stratum corneum with very short needles). lontophoresis (IP) is a technique for enhancing
the transport of water-soluble drugs into the body through the application of a low level electric current for a period of
several hours. IP enhances the transport of charged and neutral compounds through electrorepulsion and electroosmosis.
Electroporation (EP) is used to transfer genes into bacterial, animal and human cells, because it produces reversible tiny
pores on the cell membrane. When a high voltage pulse (>50 V) to skin is applied, this property also allows it to enhance
the transdermal delivery of macromolecular drugs. Sonophoresis (SP) is a promising technique that uses low frequency
ultrasound to deliver water-soluble drugs. The main mechanisms of SP are related to the cavitation of bubbles, thermal
effects and microstreaming. Recent studies have demonstrated that markedly high skin permeability can be achieved by
the combined use of EP or SP/IP, but some other studies have shown almost no synergistic effect. It has been suggested
that the efficacy would vary widely, depending on the molecular weight and electrical charge of the drugs.

In this study, in order to provide important data for promoting the development of TDDS for macromolecules that
cannot be taken orally, we investigated the synergistic effect of EP and SP pretreatment on the IP application using some
model drugs and analyzed its mechanisms. In all of the experiments, skin pretreatment with EP or SP was applied prior to
constant DC-IP for a period of several hours. Insulin and dextran-rhodamine B were used as macromolecular model drugs,
and the enhancement of skin permeation when the pretreatment was applied alone or in combination with IP was compared.
Furthermore, we paid attention to electroosmosis, which has an important role in the enhancement of the delivery of
macromolecules into the skin, and evaluated the effects of EP or SP pretreatment on the electroosmosis during IP.

Effect of electroporation on the iontophoretic transdermal delivery of human insulin: In the present study, the
effects of EP or cathodal IP alone and their combination on the percutaneous absorption of human insulin were evaluated
in solutions with different pHs using various electric parameters in rats. EP alone (300 V) and cathodal IP alone (0.4
mA/cm?) resulted in almost no skin permeation of insulin at pH 7, whereas EP treatment (300 V) at pH 10 resulted in a
high plasma level of insulin. The combined use of EP and cathodal IP led to a further increase in the plasma level of insulin
in comparison to that measured after EP alone. Marked decreases in blood glucose levels, reflecting the increases in the
plasma concentration of insulin, were also observed after EP/cathodal IP treatment. Interestingly, a much higher plasma
level was observed when the pH of the insulin solution was increased from 7 to 10.  One of the reasons was the different
self-association properties of insulin at these pH levels. At pH 10, insulin monomers and dimers were observed in addition
to the normal hexamer form of insulin, in spite of low percentages. In contrast, at pH 7, most of the insulin was in the
hexamer form. To confirm the influence of the self-association properties of insulin, a commercially available human



insulin analogue (Insulin lispro) was then used and evaluated in the same manner. Its skin absorption was found to be
extremely high in comparison to that of conventional human insulin without increasing the pH of the solution. The present
study therefore suggests that the percutaneous absorption of insulin is synergistically enhanced by the combined use of
EP and cathodal IP and that altering the self-association properties of insulin is important for enhancing the percutaneous
absorption of insulin by cathodal IP and/or EP.

The effects of electroporation on the electroosmosis caused by anodal IP:  The effects of EP on the IP-produced
electroosmosis were evaluated in an in vitro permeation study of mannitol, a non-electrolyte, through excised hairless
mouse skin. Mannitol flux was utilized as an index for the electroosmotic flow due to its low molecular weight and no
electrorepulsion effect. Immediately after the EP pretreatment, the anodal iontophoretic permeations were determined at
0.4 mA/cm? for 4 h.  The mannitol flux observed with the combined application of EP/anodal IP was higher than that
without pretreatment. However, with EP pretreatment, a large percentage of the enhancement of mannitol flux occurred
due to increased passive diffusion.  The contribution of electroosmotic flow caused by anodal IP on the skin permeation
of mannitol was decreased by EP pretreatment.  In addition, electroosmotic flow was decreased when the voltage applied
for EP was increased. In contrast, mannitol flux during cathodal IP at 0.4 mA/cm? after EP pretreatment at 150 or 200 V
was higher than both that without EP and anodal IP, while the cathodal IP flux after EP was lower than without IP.  Next,
the neutral high-molecular compound dextran rhodamine B was used as a second model. Anodal IP and EP alone did not
increase the skin permeability of this model drug. However, EP pretreatment prior to anodal IP enhanced the skin
permeation of dextran rhodamine B. Electroosmotic flow accounted for a large portion of the increased flux of the model
drug. These results suggest that the combined effect of EP/anodal IP on the skin permeability to small non-ionic drugs
cannot be achieved by electroosmotic flow alone. A synergistic effect of combined EP/anodal IP can be expected for non-
ionic high molecular drugs. It therefore became clear that EP affects reduction of electroosmotic flow from the anode to
the cathode during anodal IP, and that it will be necessary to take into the change in electroosmotic flow and the size of
the penetrants into consideration in order to obtain a synergistic effect from EP/IP.

The effect of the combination of low-frequency sonophoresis or EP with IP on electroosmosis:  As with EP/IP,
the in vitro permeation studies of mannitol were conducted across excised hairless mouse skin to determine and compare
the enhancing effect of EP or SP combined with anodal IP on the electroosmotic flow, and to analyze the enhancement
mechanism of these combined methods. The combination of SP and anodal IP (SP/IP) resulted in an apparent increase of
electroosmotic flow (in some cases no effect was observed with SP/IP), while that of EP and anodal IP (EP/IP) had no
synergistic enhancing effect on the electroosmosis. Next, the combined effect of tape-stripping (TS) and anodal IP (TS/IP)
was examined in a similar manner to clarify the difference between the SP/IP and EP/IP on the electroosmosis. When the
TS number was increased from 0 to 3, a synergistic increase was observed in the electroosmotic flow. However, no further
increase was observed with TS numbers of more than 3, and the flow started to decrease when the TS number became 5.
Next, the electric charge of the skin surface was measured after application of SP or TS. When SP was applied, the skin
surface became much more negative and the electroosmotic flow was markedly increased by SP/IP. Thus, the increase in
the electroosmotic flow across the skin during IP application can be obtained not by EPand TS, butby SP.  The combined
use of SP and IP is a promising means for enhancing the skin delivery of non-electrolyte drugs.

Conclusion:  An apparent additional increase in electroosmotic flow during anodal IP was induced by SP pretreatment
in comparison to EP; these results suggest that a synergistic promoting effect can be expected for a wide variety of ionic
and non-ionic drugs. Although EP and low-frequency SP have similar mechanisms by which to create new pathways for
drug transport, electroosmotic flow was dramatically changed by its combination with anodal IP. In conclusion, it
became clear that SP and anodal IP was the optimum combination, since it was found that SP pretreatment can be expected
to increase the electroosmotic flow. This combination will be useful for delivering peptide and protein drugs for which
transdermal delivery has not previously been possible.
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