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The first proposals for the use of electric current in drug delivery date from the mid 18" century. Serious progress was
made in the 19" century notably by Benjamin Ward Richardson (1828-1896), Hermann Munk (1839—1912), William
James Morton (1846—1920), Stéphane Leduc (1853—1939) and Fritz Frankenhiuser (born 1868). Administration of metal
ions as well as alkaloids was tried at that time. Until the early 20" century, current mediated drug delivery was known as
“cataphoresis”; Frankenhiuser is said to have introduced the term “iontophoresis” before 1908. Recently, researchers talk
about “electrically-assisted transdermal drug delivery”. The technique was never widely adopted but always proved useful
to some extent in solving particular drug delivery problems. At the dawn of the 21% century, attempts are being made to

achieve iontophoretic delivery of peptides and proteins.

1. Introduction

Just before Luigi Galvani’s (1737-1798) famous experi-
ments on frog legs and the discovery of the so called
“galvanism”, it was suggested that electricity could be
used for therapeutic purposes. Johann Gottlob Krueger
(1715-1759), professor of philosophy and medicine in
Halle suggested in 1743 that electricity should be useful
in medicine, as it was obviously not useful for theology or
jurisprudence and all things had to be useful for some-
thing [1]. Although electric shocks derived from electric
fish had already been used for therapeutic purposes in
antiquity, this episode is commonly said to be the corner-
stone of the modern history of electrotherapy [2]. Besides
the direct application of electric current by different appa-
ratus and techniques, the concept of transmitting therapeu-
tic substances through the skin is part of that history. This
form of drug administration, which we usually call ionto-
phoresis, has a history almost as old as that of modern
electrotherapy in general. Although there have been some
publications on various aspects of the subject [3—6], the
history of iontophoretic drug delivery will be reviewed
from an international point of view.

2. The early stages

The first suggestions for the use of electricity for drug
transport to be reported in the literature date from the
mid-18" century and not all of them seem to be reliable.
In a publication dated 1747 [7], the Italian librarian Gio-
vanni Francesco Pivati (1689-1764) reported that the
smell of Peruvian balsam hermetically sealed in a glass
cylinder became apparent in the room after applying elec-
trical current and could even be transmitted to another
room by a wire [8]. This experiment bas based on the
observation that the odour of flowers could be recognized
more intensively by electrifying the vase and allowing
sparks to enter the observer’s nostril [9]. Pivati further-
more reported that a patient holding the sealed, electrified
glass cylinder containing Peruvian balsam in his hands
massively exhaled the typical smell of the balsam hours
later. Similar observations were made with the spread of
the smell of sulphur or with mercury in the cylinder
which caused the typical symptom of mercury intoxica-
tion, excessive salivation.
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The Turin anatomist Giovanni Battista Bianchi (1681-—
1761) observed that purgatives held in the hand of a per-
son during electrification had the same laxative effect as
when administered orally. A third Italian, Guiseppe Veratti
(1707-1793) and the German physicist Winkler, who re-
ported on the subject in March 1748 in a Royal Society
Meeting in London, expressly confirmed the reports [2, 8,
9].

However, the results could never be verified by other
scientists. The scientific opinion leader in terms of electri-
city at that time, Jean-Antoine (“Abbé”) Nollet (1700—
1770) travelled to Italy in order to prove the claims. Bian-
chi as well as Pivati failed to convince the expert as did
others formerly enthusiastic about the proposed method of
drug delivery. When Nollet arrived, Pivati could only re-
gret that his machine had meanwhile become broken.
Willi [6] refers to some other early proposals for what we
call iontophoresis made by Abbé Mangin in 1752 [10].
He suggested the use of a dressing instead of the hand-
held glass cylinder and recommended the use of electricity
to enhance the effects of an antidote against snake bites.
According to Willi [6], Mangin’s work is not mentioned
by Joseph Priestley (1733—1804) who dismissed the pos-
sibility of electrical drug transmission in a book dated
1769.

3. 19" Century developments

After Alessandro Volta found a simple method of pro-
ducing a continuous flow of current (the Voltaic pile) in
1800, attempts to transmit chemical entities through mem-
branes were continued. Most authors highlight the experi-
ments done by the French physician Bernard Raymond
Fabré-Palaprat (1773-1838) in 1833 [4, 9, 11-13]. In a
meeting of the Medical Society of Paris he reported the
following experiment [14]: A compress soaked with potas-
sium iodide solution was fixed on one arm and connected
to the negative pole of a Voltaic pile. Another compress,
fixed on the other arm, had been moistened with starch
solution and connected to the positive pole of the battery.
A few minutes after the current flow had started, the col-
our of the starch solution turned blue. Fabré-Palaprat inter-
preted this observation as proof for the transport of iodine
through the human body by application of electric current,
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but several authors remained sceptical. For example, the
American neurologist William James Morton (1846—1920)
reported in his comprehensive book on the subject edited
in 1898 [11] that he had not been able to successfully
repeat the experiment. Similar attempts reported by the
German authors Klenke as well as C.H. and
H. Hassenstein in 1846 and 1853, respectively, also failed
to convince the medical profession [4, 9]. So did the Ger-
man physician Theodor Clemens who also proposed the
transdermal transport of iodine [6] as did the Austrian
physician Carl Beer. He observed the current mediated
transport of iodine ions through a slice of beef in vitro,
and reported the successful treatment of crop-patients
using iodine iontophoresis [15]. It seems to be almost im-
possible to judge these experiments in retrospect, particu-
larly as the composition and properties of the iodine solu-
tions used are unclear and may have had substantial
influence [6].

Nevertheless, in the middle of the nineteenth century, in-
terest in iontophoretic drug delivery increased and led to
applications in anaesthesia and (dental) surgery, in particu-
lar proposed by Benjamin Ward Richardson (1828-1896),
sometimes called “father of dental iontophoresis”. He con-
nected a solution containing aconitine and chloroform
with an anode and closed the electric circuit by placing an
cathode anywhere at the body surface. This procedure
showed a clear advantage over application of an unelectri-
fied solution. In his landmark publication dated 1858, he
called the principle “voltaic narcotism” [6, 16]. Colwell
reports some more experiments done by Richardson on
animals and man the same year in order to improve the
analgesic and local anaesthetic effect of drugs like mor-
phine by applying electrical current [17]. Richardson used
a mixture of 3 drachms of tincture of aconite, 1 drachm of
aconite extract and 3 drachms of chloroform [17, 18]. The
method, however, was soon abandoned due to strong op-
position within the medical community and the successful
developments of general anaesthesia at that time.

In the 1870s, the German Hermann Munk (1839-1912)
extensively investigated the current mediated transport of
substances like copper sulphate through porous material
like boiled albumen, chalk, clotted bovine blood, crystal-
lized sulphur, potato slices or fired clay [19]. During these
investigations, he thought about the possibility of penetrat-
ing animal or human skin, which is, to some extent, a
porous membrane similar to those investigated, with thera-
peutic agents. To prove this theory, he tried to introduce
strychnine hydrochloride into rabbits and potassium iodide
as well as quinine sulphate into himself by means of elec-
tricity. After 20—25 min exposure to an electrified strych-
nine solution, spontaneous cramps were seen in the rab-
bits. Their intensity increased in parallel to the intensity of
the current applied. The successful introduction of quinine
into the experimenter’s body using electrodes applied on
both sides of one arm could be proven by detection of
this alkaloid in urine. Analogously, iodine could be de-
tected by starch solution in Munk’s urine 30 min after ap-
plying potassium iodine electrodes. The skin of the rabbits
and the man remained unchanged. Munk argues that this
method of drug administration works well but mainly for
substances active in very small concentrations as the
amount of liquid moving into the body is very limited
[20].

Later, there have been several attempts to improve the local
anaesthetic action of various drugs, particularly cocaine
and chloroform, by applying electricity [4, 20], a subject
under scientific debate from 1886 to the turn of the cen-

584

Table 1: Attempts at iontophoretic drug delivery between
1880 and 1900 as reported by Morton [11] and Le-
vandowski [25]

Scientist Year of report Drug(s) in use

Erb 1884 (various)

Wagner 1886 Cocaine

Boccalari/Manzieri 1888 Strychnine,
atropine, quinine,
potassium iodide

Lauret 1885 (various)

Adamkiewicz 1886 Chloroform

Lombroso/Matteini 1886 Chloroform

Corning 1886 Cocaine

Peterson 1888/1889 Cocaine

Lawrence/Harris ?

McGraw 1888 Cocaine

Cagney 1889 Potassium iodide

Edison 1890 Lithium salts

Imbert de la Touche 1891 Lithium salts

Girtner/Ehrmann before 1892 Mercury salts

Westlake 1892 Cocaine/carbolic
acid, pyrozone

Grosheintz 1896 ?

tury (Table 1). Based on results published by F. McGraw
in 1889 and William Morton [11], electrically mediated
cocaine anaesthesia in particular became more and more
common in dentistry. Morton recommended the use of a
solution of cocaine in guaiacol (e.g. 6 grains in 1 drachm),
a procedure soon adopted by dentists worldwide [22, 23]
So called “cataphoresis outfits” for dentists became com-
mercially available [24]. Pharmacists prepared medicated
cataphoretic disks containing the substances in advance;
Morton also invented a plaster made from gelatin, carbon
and medicine in a measured dosage. When moistened, the
plaster could be applied to the desired point and attached
to an electrode. Additionally he constructed several techni-
cal aids, for example rings or bandages to cause anaemia
in the treated tissue area or electrodes containing a re-
servoir of drug solution [23].

In the nineteenth century, there were not only attempts to
introduce chemical substances into the human body but
also to extract them by means of electrical current. In this
context, several authors tell the legend of an electro-plater
in Havana, Cuba, in the 1850s. He accidentally immersed
his ulcer affected hand in a bath prepared for electro-plat-
ing and saw the negative wire becoming covered with a
metallic coating while the ulcer at his hand started to heal.
It was concluded that metal had been extracted by the
electric current from the plater’s body which led to elec-
trode covering as well as to the ulcers healing. In the fol-
lowing years, the “electro-chemical bath” was invented
based on the proposed principle to extract mercury, gold
or silver ions from the body of patients suffering from
intoxications, gout, neuralgia, paralysis, malaria, kidney
diseases etc. [26—28].

4. Theories and terminology

Discussing the mechanisms of the transport of uncharged
substances through intact skin, early authors claimed that
liquid and substances were mechanically transported along
with the flow of current (“just as a stream of water carries
sediment with it” [29]). This hypothesis was known as
“cataphoresis” [30, 31], a term which was particularly
used for electrically mediated drug delivery in the nine-

Pharmazie 56 (2001) 7



ORIGINAL ARTICLES

teenth century. We now prefer to call this phenomenon
electro(end)osmosis. William Morton stated in 1898 that
“a great variety of terms have been invented to express
special views of the general facts. We hear of ‘osmosis’,
‘electric osmosis’, ‘anodal diffusion’, ‘metallic electroly-
sis’, ‘anaphoresis’, ‘interstitial electrolysis’, ‘electric trans-
fer of particles and fluids’ and ‘electric transportation’. In
place of these terms we will use those forming the title of
this book, ‘cataphoresis’ or ‘electric medicamental diffu-
sion’, the latter terminology expressing [...] that electri-
city does diffuse liquids and substances throughout other
liquids and substances, and through soft and hard living
tissues [...]"” [32].

The phenomenon of electroosmosis is said to be first de-
scribed by Emil de Bois-Reymond (1818-1896). In an
1860 publication he appears to have used the term “Kata-
phorese” as did Hermann Munk the same year [33]. It is
therefore at best true only for the United States that in
1889 Newman Lawrence and A. Harris “separately and
conjointly described the cataphoric method of medication,
inventing the term “cataphoric medication” to describe it
[34].

Around the turn of the century it became more and more
obvious that substances are also, indeed preferentially,
transmitted as dissociated, charged ions, i.e. after electro-
lysis. Positively charged ions, for example, will move
away from a cathode at the skin and consequently be
transported into body tissues. This phenomenon was inten-
sively studied by Fritz Frankenhéduser (born 1868) who
invented the term “iontophoresis” earlier than 1908 [35, 36].
The German veterinarian Wilhelm Schmidt (born 1883)
concluded in his 1909 MD thesis that it is possible to
introduce drug solutions containing strychnine or cocaine
transdermally into animals and that both the cataphoretic
as well as the electrolytic power of current play a role
[35]. Nowadays, the phenomenon we discuss here, is com-
monly known as iontophoretic drug delivery regardless of
its electroosmotic aspects. A recent definition says: “lon-
tophoresis or ion transfer is the noninvasive introduction
of topically applied free ions into the skin using direct
current” [38]. The most recently introduced term “electri-
cally-assisted transdermal drug delivery (EATDD)” [39]
does not depend on mechanistic considerations and in-
cludes molecule transport by way of iontophoresis, elec-
troosmosis and electroporation.

5. 20" century developments

Although Hermann Munk and others had already suc-
ceeded in the iontophoretic delivery of strychnine salts to
rabbits almost 30 years before, the French physician Sté-
phane Armand Nicholas Leduc (1853-1939) became fa-
mous for the following experiment done in the first years
of the 20" century and described several times in different
languages [40—42]: Two rabbits were placed in series in
galvanic circuit; the current enters the first rabbit through
a positive electrode soaked in strychnine sulphate solution
and leaves via a negative electrode soaked in saline. It
then enters a second rabbit via a positive saline electrode
and leaves through an anode soaked with strychnine sul-
phate (Fig. 1). The first rabbit soon developed cramps and
died whereas the other remained totally unaffected. The
reason is that the positively charged strychnine ion is at-
tracted to the negative pole in both rabbits. Leduc [41]
also reported that potassium permanganate can be ionto-
phoretically transported through intact human skin. The
skin under a permanganate soaked cathode developed
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Fig. 1: Experimental setup according to Leduc [3]. For details see text;
please note the rabbits’ ears

brown coloured spots derived from manganate now lo-
cated subcutaneously in its reduced, brown coloured form.
Similar experiments with “finely-powdered lamp-black or
graphite incorporated with some salicylate of soda” had
been earlier described by Morton [43].

The technique of iontophoretic drug delivery now found its
place in electrotherapy and it is continually described in
textbooks on the subject [44, 45]. One of the most impor-
tant electrotherapists of the first half of the 20" century,
Elkin Percy Cumberbatch (1880-1939), summarized the
techniques known at the end of the 1930s and states that
after Leduc’s publications, “the list of ions gradually
lengthened as time went on” [46]. The most important ones
and their indications are listed in Table 2. Cumberbatch
clearly saw the limitations of the method, principally the
shallow depth ions are able to reach in tissues. Therefore,
any claims of systemic rather than local therapeutic action
were in doubt. He also proposed electrodes for the applica-
tion of ionic medication to particular organs (Fig. 2).

In the 1930s iontophoresis was starting to be used in the
treatment of hyperhidrosis [47] which is — according to
Chien and Banga [5] — a popular indication up to the
present day. However, even the opposite was possible, the
iontophoretic delivery of pilocarpine to induce sweating in
the diagnosis of cystic fibrosis [48]. The therapeutic use
of the method in the two decades after World War II was
reviewed by Harris in 1967 [49]. From the “enormous list
of conditions for which the treatment may be used” he
concentrated on those indications, where iontophoresis
had shown any kind of advantage over other treatment
methods, but complained of the lack of an adequate num-
ber of controlled trials. The agents administered did not
significantly differ from those used in the first half of the
20th century. They include heavy metal ions like copper,
zinc, silver and tin for the treatment of rheumatic arthritis
and similar complaints, as well as for their antimicrobial
properties. Copper iontophoresis was additionally used in
gynaecology for the treatment of chronic cervicitis; zinc
or tin was tried in chronic otitis media and vasomotor or
allergic rhinitis. Vasodilatators (histamine, mecholyl) were
used in the iontophoretic treatment of arthritis, vascular
diseases, pelvic inflammation and varicose ulcers. Vaso-

Table 2: Iontophoretic treatment at the end of the 1930s ac-
cording to Cumberbatch [46]

Ions used Indication

Zinc Wound care, hay fever
Copper Substitute for zinc
Silver Pain relief in neuritis and neuralgia
Chlorine/Iodine Softening of scar tissue
Mercury Syphilitic ulcers
Magnesium Warts

Lithium “Gouty arthritis”
Cocaine Anaesthesia

Adrenalin Vasoconstriction
Quinine Neuritis, neuralgia
Histamine Rheumatic diseases
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Fig. 2: Different types of electrodes for iontophoretic drug delivery. a: diffusion electrode according to Adamkiewicz [72]; b: electrode for urethral iontonto-
phoresis [72]; c: electrode according to Franklyn for treating hay fever by zinc ionization [45]; d: vulcanite funnel electrode for ionization of the
mucous membrane of the middle ear [44]; e: zinc rod electrode used for ionization of the mucous membrane of canal or cervix uteri [44]

constrictors like adrenaline and epinephrine have been
tried in intermittent claudication and asthma, respectively.
Local anaesthetics were still in use, particularly to thera-
peutically influence trigeminal neuralgia. Developments of
the 1950s include the iontophoretic delivery of hyaluroni-
dase in slceroderma [50] or lymphedema [51], and citrate
iontophoresis in rheumatic arthritis [52].

As can be seen from the Medline database, the technique
of iontophoresis was still being discussed in the last dec-
ades of the 20™ century. From 1970 to 1999, between 40
and 80 scientific papers on the subject were published
each year. The most recent developments are reviewed by
several research groups [39, 54, 55]. Those refer to rather
traditional therapeutic fields like dermatology [48, 53] in-
cluding hyperhidrosis [56—-58], opthamology [59] or pain
relief [60—62], but focus more and more on future appli-
cations like delivery of peptides and proteins [63—65] or
non-invasive glucose level measurement [66, 67]. From a
technological point of view, studies have been done on the
combination of chemical penetration enhancers with elec-
tric current [68, 69]. The iontophoretic delivery of vincris-
tine in trigeminal neuralgia has recently been studied [70].

6. Discussion

The idea of transmitting therapeutic agents by means of
electrical current has a history of more than 250 years.
However, too much emphasis should not be placed on
early reports. A breakthrough was seen in the mid 19
century. Two scientists considerably influenced develop-
ment: Hermann Munk (1839-1912) in Germany and —
two decades later — William James Morton (1846—1920)
in Great Britain. The former reported the successful trans-
dermal delivery of strychnine by use of electric current,
the latter popularised the term “cataphoresis”. Referring to
another physical theory, Fritz Frankenhduser (born 1868)
started to mention “iontophoresis” around the year 1908.
The contributions of these German scientists have been
completely neglected in two recently published English
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language historical reviews [4, 5], which underlines the
need for a truly international point of view in pharmaceu-
tical history.

During almost two centuries, the method has always had
its protagonists and the main fields of interest have been
local anaesthesia in surgery and dentistry and painful in-
flammatory diseases. It seems, however, that in many
cases the method has only been used until other, more
successful therapies were developed but has then found
new particular indications. Although the method was
never widely adopted, it continuously proved to have
some usefulness in solving problems of drug delivery. In
general, the development of the hypodermic syringe has lim-
ited the use of iontophoretic drug delivery. The advantages
of general anaesthesia exceeded that of iontophoretic deliv-
ery as did those of potent anti-inflammatory drugs in the
case of rheumatic arthritis. Besides local anaesthesia, the
sterilization of root canals and apical lesions was the most
important use in dentistry. This indication was abandoned in
the 1950s when instruments for mechanically cleaning root
canals became available [71]. However, the technique is still
under debate even at the beginning of the 21% century. For
example, it is now being investigated for the transdermal
application of peptides and proteins and will probably be
used until better techniques are one day available.

The history of this kind of drug delivery further points
attention to the fact that terminology may shift time by
time and may not always define exactly what is meant. Sen-
su stricto, the terms cataphoresis and iontophoresis refer to
particular mechanistic imaginations. The predominant path-
way of drug substances through intact skin, iontophoresis,
is now commonly used to define the drug delivery method
in general. However, a term like “electrically-assisted trans-
dermal drug delivery” [39] should be preferred, as it does
not refer to a particular transport mechanism.
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