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________________ Synopsis 

Tue recognised validity of iontophoresis in promoting the dennal or transdennal transport of biologically 
active compounds, mainly ionized species, to gain a systemic effect, is related to an accurately and con
trolled choice of materials and devices, as well as of the operative conditions used for its realization. 
Extensive work has been done with in vitro experimental models to better define the different factors 
which can influence the effectiveness and reliability of iontophoresis. In this paper, we took into con
siderations such parameters, illustrating also the in vitro and in vivo models and devices, developed during 
last years. 

Riassunto 
La iontoforesi rappresenta ormai una tecnica ampiamente considerata per la sua efficacia nel favorire 
la penetrazione dennica o transdermica di sostanze farmaceutiche ad azione sistemica, altrimenti dif
ficilmente somministrabili per questa via. Comunque, la riproducibilità e l'efficienza di questa metodica 
è strettamente dipendente da un attento controllo di diversi parametri operativi e dalla scelta dei dispositivi 
più adatti alle sostanze da somministrare. In questo lavoro, a proseguimento di una precedente rivisi
tazione dei principi teorici sui quali la iontoforesi si basa, vengono presi in esame alcuni di questi fattori, 
dei quali è ben nota l'influenza sul trasporto iontoforetico dei farmaci, nonché i diversi modelli speri
mentali, in vitro e in vivo, sviluppati nel corso degli ultimi anni. 
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I ntroduction 
In a previous part of this review ( l ), we ha ve de
scribed the theoretical considerations governing 
the technique of iontophoresis. It is defined as the 
procedure of releasing a drug through the intact 
skin for an intradermal or a systemic effect, by 
means of a suitable electric current applied on the 
skin itself. Transdermal delivery of drugs has a 
number of advantages over other routes of admi
nistration and conventional dermatological sy
stems, in particular that one of increasing the skin 
penetration of ionized or charged molecules. 
After the initial papers which described a number 
of experimental approaches for optimizing the ion
tophoresis as a drug delivery device, clinica! and 
therapeutical applications have been referred by 
many Authors, and iontophoresis is, to date, a va
lid alternative to the systemic administration of 
many drugs and biologically active species. 
Such a number of works have well evidenced the 
various factors, whose exact knowledge and defi
nition can influence the effectiveness and reprodu
cibility of this technique. However, many studies 
are also in progress in such a field and a conti
nuous improvement of materials and operative 
conditions is expected during next years. 
Thus, in this second part of our review on ion
tophoresis, we have described some of these fac
tors whose effect on iontophoresis are well known; 
moreover, the in vitro and in vivo experimental 
models and devices developed during these years 
are also reviewed. 

Experimental variables 
affecting iontophoresis 
Tue efficiency of drug delivery by an iontophoretic 
application depends upon many physico-chemical 
and technical variables, apart from the same fac
tors which regulate the skin permeation of a drug 
during its passive diffusion (2). Table I reports a li
st of factors which can affect iontophoretic tran
sport efficiency and whose contribution is briefly 
discussed in the following section. 
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Table 1 
PRINCIPAL FACTORS 

INFLUENCING IONTOPHORETIC 
TRANSPORT OF DRUGS 

1. Physico-chemical properties of drugs: 
a) Charge 
b) Molecular size and weight 
c) Solubility and concentration in the 

donor solution 
d) Rate of ionization (also dependent 

on pH in the donor solution) 
e) Hydro-Iipophilicity 
t) Electro-chemical stability 

2. Experimental variables: 
a) Density of current applied 
b) Nature of electrodes used 
c) Duration of treatment 
d) Nature of current (costant or pulsati

le) 
e) Presence of competing ions (i .e. buf

fer ingredients) (cfr. 15, 21, 37) 

3. Physiological factors: 
a) site of application (density of appen-

dages) 
b) individuai variables (sex, age, race) 
c) Rate of hydration of skin 
d) lntegrity of skin surface 
e) Uti lization of permeation enhancers 

or delipidizing solvents 

Type of iontophoretic 
devices and electrodes 

Tue quality and nature of the instrument may have 
a great influence on the resulting iontophoretic 
flux, in terms of both efficiency and predictability
reproducibility. Basic systems have been reviewed 
by Tyle (3); in particular, they can be chosen under 
the light of safety, economical convenience and pa-
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tient compliance considerations. 
Portable 9-V battery-operated devices which can 
be easily transported by the patient have been rea
lized. The electrodes are fixed by an adesive pad 
or membrane at few centimeters from each other 
on the skin surface and a continuous delivery of 
the active agent is ensured while the patient can at
tend his common daily activity. An example of su
ch a device is the Phoreser of Motion Contro! Inc. 
(Salt Lake City, U.S.A) (4). A contro! system is of 
great importance to ensure that a constant current 
(5-50 mA) is supplied to the patient during time. 
In some cases, it is also possible to choose the po
larity of electrodes, in order to achieve the best de
livery of a cationic or anionic molecule (1). The 
drugs are usually placed as an aqueous solution in 
a refillable plastic chamber limited by a diffusion 
polymeric membrane, or simply absorbed on a 
gauze pad. In other systems, the drug-Ioaded patch 
consisted of a hydrogel matrix, fitted with a metal
lic wire or lamina to serve as the donor electrode. 
The hydrogel reservoir is usually contained in a 
circular plastic holder. 

A pencil-shaped iontophoretic systems has been 
described by Groning for the transdermal admini
stration of antihistamine agents, in the localized 
treatrnent of acute skin irritations, such as insect bi
tes (5). Deeper informations on the in vivo ion
tophoretic delivery devices commercially produ
ced, mainly in the U.S.A., can be found in the re
view work of Singh and Singh (2). 

The type of electrodes can, in turn, deeply mo
dify the transport rate of ionie drugs. Two kinds of 
electrodes are usually used, inert and reversible 
ones (6). Inert electrodes, made of platinum, tin, 
some stainless steels or nickel , do not participate 
to the electrochemical reaction and then are not 
consumed during it; however, they induce a bub
bling of gas into the solution and a large electroly
sis of water into H• and OH ions, which are re
sponsible for the changes in the pH of the skin sur
face undemeath the electrodes. Apart from the pos
si ble consequences for skin integrity ( I), modifi
cations in the ionization rate of drugs, and hence 
in their electrical mobility can result. Risks of 

bums can be prevented by covering the electrode 
with a cellophane or plastic pad or sponge, which 
in the meantime avoids the direct contact with the 
body and possess a flexible conformation enough 
for adaptation to irregular skin surfaces. A further 
adhesive coating (e.g., medicai silicon) allows a 
better permanence of the electrode to the site of ap
plication. To avoid pH variations during the treat
ment a buffered solution can be used as the drug 
donor and receptor solutions; however, the presen
ce of extraneous ions in the buffer, basing on their 
specific conductivity (1) and charge (they can be 
co-ions or counter-ions with respect to the drug), 
could deeply influence (both by competing or as
sisting) the transdermal flux of the ionie species to 
be delivered (7). 
Among reversible electrodes, silver/silver chloride 
ones are the most diffused. They are prepared elec
trochemically: for example, Oh and Guy (8) used 
a 3 cm silver wire (I mm diameter) which was ac
curately washed and cleaned with a warmed I M 
HCI solution. After rinsing with water, the Ag wire 
was anodically plated with AgCI (using a platinum 
cathode) by placing it in 0.5 M KCI and passing a 
O. I mA current for 20 min (sensing electrodes) or 
5 h (signal electrodes). Oldenburg et al. (9) prepa
red a cathode electrode by placing a O.I mm dia
meter Ag wire in O. I M HCI and passing a charge 
of 18-20 coulombs for 18-24 h. The redox poten
tial for the Agi AgCl system ( 1.22 V) is lower than 
the oxidation potential of water, thus avoiding the 
degradation of the latter. The occurring reactions 
at the cathode and anode are, respectively, the dis
sociation of solid silver chloride (AgCl +e· ~ Ag 
+Cl") and the association of chloride ions with sil
ver (Ag + CI·~ AgCI +e} This kind of electro
des has a particular advantage when the drug to be 
iontophoresized is a hydrohalide salt, e.g., lidocai
ne hydrochloride (6). In solution, these salts dis
sociate into the drug cation and the halide counte
rion, thus directly providing one of the species nee
ded for the above electrode reaction. Moreover, the 
product of the reaction, AgCl, is insoluble and pre
cipitates on the anode, without generation of other 
ions which could compete with the drug for the 
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current flux. The most evident limitation to the use 
of Ag/AgCI electrodes, is their precipitation effect 
on proteins and peptides ( 10). 
To reduce the consumption of the AgCI electrode 
during the work of the system, a periodically swit
ch of the polarity between the two electrodes has 
been proposed ( 11 , l 2): e.g., in the experiment of 
Su et al. (11 ), the patch containing the Ag electrode 
was initially settled as the anode while the other 
patch containing Ag/AgCI was the cathode. After 
the first 6 h and then periodically every 4 h, the po
larity was reversed. This switching allows to rege
nerate the Ag/AgCI electrodes during the reverse 
cycle and to reduce the pH changes. Moreover, the 
drug (tetraethylammonium brornide) was delivered 
aJtematively from both patches (the one acting as 
the anode at that time), thus reducing the depletion 
of solute from a patch. 

lnfluence of pH 
The degree of ionization of a weak electrolyte is 
known to depend upon pH. Thereby, changes of 
pH of the fluid under the releasing electrode have 
been indicated as responsible for significant va
riations in iontophoretic transport of some drugs: 
e.g., lignocaine ( 13), sulfamidics (14), verapamil 
(15), thyrotropin-re leasing hormone (16), and 
other solutes ( 17). As pH determines the charge 
of the drug ions, it can modify the fractionaJ con
tribution of these species to the total current, na
mely their transport number (1). Noteworthy, the 
pH range of solutions that can be applied to the 
skin is usually between 3 and 8, since at outer va
lues skin damage and irritation may compare 
(18). This implies that for most acidic drugs, with 
low pKa values, which are in a neutra! form or 
carry negative charge(s) at most experimental 
pHs, the iontophoretic flux will be quite negligi
ble. Of course, for peptides, proteins and other 
substances which show an isoelectric point, the 
pH of the vehicle or in the donor solution is of 
extremely great importance, since it will deterrni
ne the charge of solutes. 
The pH variations at the releasing electrode can 
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also induce a rapid depletion of the drug from the 
donor compartment (11 , 12).Sanderson et al. ( 19) 
have payed their attention on the possibility of li
miting pH variations in the subcutaneous layer 
during iontophoresis. Their objective was that to 
optimize the delivery of cationic drugs which re
quest a treatment for extended periods of time (al
so for 24 hs), so that to minimize the effects (i.e., 
skin trauma) of the large amount of current requi
red to delivery the drug. 
Four approaches have then been described to con
tro! skin pH changes near to the electrodes: i) to 
use a salt of the (cationic) drug with a weak acid 
(e.g., acetate or succinate), instead of the hydro
chloride. This would result in a reduction of pH 
lowering at skin surface under the donor electro
de; ii) to change the drug with a charged form of 
it (e.g., a quatemary ammonium saJt for the cor
responding free base); iii) to increase the concen
tration of the drug in the donor soJution or, even 
better, to enhance its solubility by choosing a sui
table solvent (e.g., by replacing aqueous buffer 
solutions with an ethanol-water mixture); iv) fi
nally, these investigators suggested to reduce the 
pennselectivity of the skin to cations by reducing 
the presence of anions in the receptor compart
ment, i.e., by using a polyacrylic acid solution in
stead of Ct·-containing saline, or by a skin pre
treatment with a surfactant, like sodium lauryl 
sulfate, which neutraJizes the fixed positive char
ges on the skin surface and enhances the ion
tophoretic flux of cationic species. Apart from the 
practical utility of such approaches, the Authors 
demonstrated the possibility of a real enhance
ment of drug delivery, by reducing the amount of 
current required and thus its side effects on the 
skin ( 19). 

Duration and intensity 
of the current applied 
From Faraday's law, it is clear that in an elec
trolytic solution the amount of electricity conduc
ted depends on the strength of the current applied 
and the duration of its passage: 



Rosario Pignatello. Massimo Fresta and Giovanni Puglisi 

Mo= _1_ __!_ 
Zo .5JT 

where M0 is the moles of the ionie drug and Z0 is 
its valence (number of charge per drug molecule), 
t is the time (in seconds), i0 is the current carried 
by the drug, and 5' is a proportionality factor (Fa
raday 's constant). 
A linear relationship between the flux of many 
drugs and current density has been reported under 
different experimental conditions, both for catho
dal and anodal iontophoresis (16, 20-33). For 
example, studies on a model peptide (TRH) (23) 
showed that flux is proportional to the applied 
electric field and this linearity was observed both 
at pH 4 and 8, that is, either when the drug was in 
a neutra! or charged state in the donor solution. Su
ch a behaviour can obviously be related to the ap
pearance of an electroosmotic flow from the anode 
to the cathode, involved in the transdermal tran
sport of large molecules with a different charge 
than positive one (1). 
The positive effect of increasing applied current 
densities on drug flux, is mainly related to the pa
rallel reduction of skin resistance (34). However, 
for application to human, the used current can not 
be extremely high , and an optimal intensity 
between 40 µA and 1 O mA, a limit which was 
found to not cause perceptible physical discomfort 
or pain (35), has been individuated; it corresponds 
to a maximum current density of 500 µNcm2 (36) 
[a current of one ampere (A) corresponds to one 
coulomb per mole (C/mol)]. At higher densities 
or/and for exposure times longer than 10-30 min, 
an irreversible modification of skin conducibility 
could begin, as a consequence of serious hystolo
gical alterations of the skin itself (1). 

Chemical structure 
of solutes 
Yoshida and Roberts (37) have extensively descri
bed the relationships existing between the mole
cular size and structure of many drugs and their 
iontophoretic behaviour. In generai, it has been de-

monstrated that the logarithm of iontophoretic flux 
is inversely proportional to solute molecular wei
ght (27, 38, 39). Two different theories have been 
advocated to explain such results: the 'free volu
me' theory predicts that a molecule diffuses only 
when a hole or free volume into which it can move 
is present near to it (Fig. 1 a) ( 40); this approach 
better fits with the assumption that solutes move 
through the lipid domains of the SC. According to 
that theory, the enhancement of iontophoretic flux 
sometimes observed by using a penetration 
"enhancer" (e.g., ethanol, DMSO, DMA) (37) can 
be explained by considering that these solvents dis
solve some lipids from the stratum corneum ma
trix, thus allowing more "void" volumes to beco
me available for the diffusion of solutes through 
the epidermis. 
The second model is based on the hypothesis that 
when a compound has to pass through skin pores, 
dimensions of these latter lead to the exclusion of 
molecules with too large sizes (Fig. l b) (41 ). 
Scheuplein (42) suggested that in human skin the 
radii of outer and inner sweat ducts are 7 and 2.35 

Sotute 

Void 

A 

• t • .--
~ 
B 

Fig. I: Schemotic representotion of the '"free volume· model 
(A) (40) ond '"size exclusion· theory (8) (41) to exploin the in
f/uence of solute molecole size on its tronsport through skin 
pores (odopted from ref. 37) 
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µm , respectively, and those of surface opening of 
sweat ducts and hair follicles of about 35 µm. 
Lower values (0.675-2.7 nm) were reported for 
hairless mouse skin pores (43). Moreover, the mo
vement of the solute within skin pores is also af
fected by its friction with pore walls. However, at 
present none of the two models seems to comple
tely explain the experimental data collected. 
Oldenburg et al. (9) have studied the effects of 
composition of some oligonucleotides on their ion
tophoretic transport efficiency. Working with 15-
mer homopolymers, they concluded that the base 
composition can strongly influence the flux of 
compounds; in particular, bases that can form more 
hydrogen bonds, as pyrimidine ones, may better 
interact with skin structures and therefore slow the 
transdermal migration of oligomers. 

Drug concentration 
Increased concentrations of the ionie drug to be re
leased in the donor electrode generally are related 
to an enhancement of drug flux across the skin. 
Findings in such direction have been reported for 
benzoates (21), verapamil (22), morphine hydro
chloride (24), and many other inorganic salts and 
ionie drugs (28). 
However, the positive effect of such a parameter 
on a drug iontophoretic flux is limited by the so
lubility of the drug itself in the donor medium (wa
ter or buffer solution), along with the possible va
riation of solubility linked to the eventually occur
ring pH variations during iontophoresis (see abo
ve). 

In vitro models 
The simplest apparatus for in vitro iontophoresis 
studies is illustrated in Fig. 2. It basically consists 
of a source of electric power (a battery) connected 
to a couple of electrodes immersed in the donor 
and receptor compartments; they acts as the anode 
and the cathode and operates by transforming the 
e lectron current to ionie current. Tue donor reser
voir (i.e ., skin surface) is an aqueous (or buffered) 

104 

solution of the ionie drug; however, a drug-contai
ning gel formu lation can be used, e.g., when the 
experirnent has to be carried out on a living ani
mai. The receptor compartment commonly is an 
isotonic solution of sodium chloride (norma) sal i
ne), which simulates the dermis. The driv ing sy
stem maintains the current field constant during the 
operating time. 
A diffusion membrane, either natural (human or 
animal) or artificial (cellophane or cellulose) sepa
rates the two compartments. Human skin samples 
generally derive from plastic surgery or from ca
davers (44). For permeation studies, either full skin 
(excised or dermatomed) or its isolated layers are 
employed. Intact epidermis is obtained by bathing 
the skin in water at 60°C for 1-2 min, then peeling 
the epidermis from the other tissues, while full 
thickness skin was prepared by removal of the sub
cutaneous fat. Stripped skin can be obtained by re
moving the stratum comeum by repeated stripping 
(25-30 times) with an adhesive tape. Finally, iso
lated stratum corneum can be prepared by one of 
the known methods, as the heat separation descri
bed by Kligman and Cristophers (45). 
However, the uneasy availability of good samples, 
generally makes the animai models more suitable 
for basic studies, both from hairless (mouse, nude 
rat, guinea pig) and furry animals (mouse, rat, rhe
sus monkey) (46). Hairless mouse skin (47) or 
shed snake skin [the latter completely lacking of 
any appendageal structure (47, 48)], have been par
ticularly proposed as models for human skin in the 
in vitro assessment of transdermal iontophoretic 
drug delivery. 
A comparison of the electrokinetic behaviour af
fecting the iontophoretic transport of drugs 
between excised human skin and hairless mouse 
skin has been reported by Pikal (49). While many 
of the flux characteristics [ e.g., the different effects 
of cathodal or anodal delivery of neutral or charged 
compounds (1) as well as skin damage effects] af
ter iontophoresis are similar between the two skin 
models, however human skin showed a worse cor
relaiion between the calculated e lectroosmotic 
flow and the permeability (flux) measured for neu-
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Donar (drug) solution 
Skin or artificial membrane / Electrode 

/ ----- _../ ,,....----

~ .._...,,/ 

----- / 

Ammeter 

Electrode 

,,.,,..--

Fig. 2: A basic esperimentai device tor in vitro iontophoretic investigations. 

trai species, in particular when low current densi
ties are used. 
More recently, Hager et al. (50) have described a 
cultured skin system, obtained from cultures of hu
man cells and matrix normally present in the skin 
and known as "living skin equivalent" (LES). It 
well simulates the human skin, showing differen
tiated stratum corneum, epidermis and dermis 
layers, and Jack the typical skin appendages (hair 
follicles, glands), thus allowing to better define the 
permeability properties of the skin. Studies on LSE 
indicated that such a membrane is an accurate mo
del for in vitro experiments on iontophoretic tran
sport through the skin and perrneation results of 
different model drugs are in good agreement with 
those obtained by using guinea pig skin (50). 
When skin was used as the diffusion membrane, 
the stratum comeum is obviously oriented toward 
the donor compartment. Norrnally, subcutaneous 
fat layer was removed before experirnents: in fact, 
it is generally not involved in permeation and ab
sorption phenomena through the skin, since it is 
placed under the blood circulation within the der
mis. 
To study the particular influence of iontophoresis 
on cutaneous penetration of model or drug mole
cules, modified skin or isolated skin layers are of
ten used. For example, isolated epidermis can be 
obtained by placing the full skin in water at 60°C 

for about 90 sec (51) and then peeling off the epi
dermis. In the model of "stripped skin", stratum 
comeum was removed by means of an adesive ta
pe applied on the skin; when these samples are 
used, they are mounted vertically in the diffusion 
celi with the derma! side bathing the receptor fluid. 
This latter can be constituted by an isotonic buffer, 
like pH 7.4 phosphate-buffered saline. 
Masada et al. (52) have described a four-electrode 
system for a two-chamber diffusion celi. In such 
a system, a couple of reference electrodes are pla
ced close to the two sides of the diffusion membra
ne, while a constant voltage difference is maintai
ned between them by a potentiostat. Another cou
ple of counter electrodes are placed into the donar 
and receiver-containing cell, respectively, in order 
to maintain the required current flow through the 
celi itself. The main advantage of such a system, 
is the possibility to know and measure simulta
neously the voltage difference and the current 
across the membrane. 
To develop a cathodal iontophoresis (i.e., the relea
se of negatively charged species) (1), the cathode 
electrode was placed in the donor compartrnent (an 
aqueous solution of the drug to be administered) 
and the anode in the receiver compartment. Their 
position is reversed in the case of an anodal ion
tophoresis (with cationic drugs or ions). 
Generally, a constant current was applied across 
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the skin sample (with a current density between 
l 00 and 500 µA/cm2

) for the wished peri od of time 
(up to 12 h for permeation studies). Samples from 
the receptor compartment were withdrawn perio
dically and analysed by a suitable method (HPLC, 
UV, radiolabeling, etc.). 

Comparison of in vivo 
studies with in vitro findings 
The main aim of ali the iontohpretic experimental 
models, is to predict as better as possible the re
sults which will be obtained when in vivo delivery 
is performed. 
Different Authors have reported interesting obser
vations of very good correlations between the in 
vivo iontophoretic behaviour of drugs and findings 
drawn by experimental models. Sage and Riviere 
(6) found that the human skin flap is the best mo
del in predicting the in vivo delivery of lidocaine. 
Riviere et al. (53) used an isolated perfused porci
ne skin flap (IPPSF) model, which correlated well 
with the in vivo iontophoretic perrneation of arbu
tamine. Such a model of skin has the advantage of 
possessing anatomica! and functional properties 
similar to the viable skin, like a microcirculation 
system (54). 
Metocloprarnide (7) and hydromorphone (55) were 
also studied in vivo. Interestingly, results indicated 
that a better in vitro simulation of the in vivo flux 
of many charged drugs can be obtained by using 
a hypotonic (0.08-0.09 M) NaCJ solution, instead 
of a normai saline (0.15 M) in the receiver com
partment, i.e., the conditions probably existing in 
the epidermis (7). 

Conclusions 
Studies on the current-ass isted delivery of drugs 
and other compounds to the body through the in
tact skin, would obviously need to use the ultimate 
model: humans in vivo. In the practice, investiga
tors have described many interesting experirnental 
models, both using synthetic (e.g., perrnselective, 
ion-change resins, etc.) or natural skin (human or 
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animai) as the diffusion membranes. As well, ever 
more efficient in vitro devices have been realized 
to gain a better prediction of the behaviour of a 
drug under in vivo iontophoresis. 
However, both types of studies need a deep know
ledge and description of the different operative and 
formulative variables which can influence the re
sul ts. Apart from the intrinsic properties of the 
drug to be delivered, many factors can be suitably 
standardized to obtain an effective and reproduci
ble output of the treatment. 
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