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On iontophoretic delivery enhancement: Ionization and mobility
of lidocaine hydrochloride in propylene glycol
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Abstract

The structure of lidocaine hydrochloride (LidHCl) in propylene glycol (PG), a solvent known to enhance
transdermal delivery of drugs, and the mobilities of the different kinds of ionic species appearing in this system was
investigated at 25.0°C by precision conductometry. The molar conductivity was determined at several concentration
between 0.4 and 10 mM and the data analysed using the conductance equation of Fuoss-Hsia and Fernandez-Prini
(FHFP equation). For concentrations of up to :1.2 mM no higher aggregates that LidH+ were found. Using a
two-parameter analysis of the equilibrium, LidH+ULid+H+, we obtained the acid dissociation constant,
Ka(LidH+)=2.5 ·10−7 (molar scale); pKa=6.60, and the limiting molar conductivity, l0(LidH+)=0.2675 cm2/V per
mol. For concentrations above 1.2 mM there is strong evidence of formation of ion-pairs, LidH+Cl−. The ion-pair
association constant was estimated to Kp:40 indicating that about 15% of the electrolyte is in the form of
LidH+Cl− at the highest concentration (10 mM) investigated. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is well documented that iontophoresis can be
used to enhance transdermal delivery of many
drugs. Further increase in the rate of permeation
may be achieved by addition of various chemical

agents to the drug. A synergetic effect between
iontophoresis and certain chemical agents has been
observed. Such a synergetic effect was found by
Bhatia et al. (1997) studying the enhancing effect
of, e.g. oleic acid in combination with ethanol and
propylene glycol, respectively, on the in vitro per-
meability of luteinizing hormone releasing hor-
mone (LHRH) through porcine epidermis.* Corresponding author. E-mail: per.beronius@bmc.uu.se
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By passive delivery, transdermal in vitro stud-
ies, Kushla and Zatz (1990) have shown that
cationic surfactants may remarkably increase the
flux of lidocaine through human skin from satu-
rated systems in propylene glycol-water mixtures.
It has also been demonstrated that such surfac-
tants are effective in increasing the corneal perme-
ation of pilocarpine nitrate (Mikkelson et al.,
1943), penicillin (Godbey et al., 1979) and ketoro-
lac (Fu and Lidgate, 1986). Kushla et al. (1993)
investigated the anaesthetic activity of several top-
ical lidocaine formulations containing 20% propy-
lene glycol. They found that all formulations
containing propylene glycol produced significantly
greater anesthesia compared with the formula-
tions without propylene glycol. Sarpotdar and
Zatz (1986) report an in vitro study of the pene-
tration enhancement of lidocaine through hairless
mouse skin in the presence of propylene glycol.
They observed that the concentration of propy-
lene glycol strongly affects the steady state flux.

To optimise the conditions in iontophoretic de-
livery of local anesthetics, and because of the
obvious importance of propylene glycol (PG) as
an enhancer in various formulations, we decided
to investigate, by electrical precision conductance
measurements, the behaviour of lidocaine hy-
drochloride in pure PG at 25°C with respect to
ionization and transport properties.

2. Experimental

2.1. Reagents

Crystalline lidocaine hydrochloride monohy-
drate (LidHCl ·H2O) and propylene glycol (PG),
CH3CH(OH)CH2OH, were obtained from Sigma.

The density of the solid LidHCl ·H2O, 1.1961
g/cm3, at room temperature was determined by
means of an Acc Pyc 1330 density meter.

The solvent medium, PG, was of HPLC grade
(min. 99.5%; water contentB0.02%; chlorideB
0.01%). Its electrolytic conductivity was deter-
mined to k=4.85 ·10−9/V per cm. For the
dielectric constant of PG we obtained e=29.659
0.15 at 25.0090.1°C using a Ferisol M 803 A
Q-meter. The literature value, h=0.43887 P at

25°C, for the viscosity of the solvent,
(Venkateswara Sastry and Kalidas, 1985) was
used in the calculations.

Potassium chloride (Merck, suprapur), used to
calibrate the conductivity cell, was dried at 130°C
and stored in a desiccator.

Aqueous solutions of KCl and stock solutions
of LidHCl in PG were prepared on weight basis.
Because of the high precision of the method used
all weights were corrected for the buoyancy effect
of the air. The density of the stock solution was
determined by means of a DMA 02 C digital
precision density meter (Sjöberg et al., 1996). In
calculating concentrations of diluted samples the
density of the solution was assumed to vary lin-
early with the molality of the solute.

2.2. Conductance measurements

The equipment employed and the technique
used to determine the molar conductivity, L, of
solutions of lidocaine hydrochloride in propylene
glycol at 25.0090.02°C were the same as previ-
ously described for this salt in water and in 1-oc-
tanol as solvent media (Sjöberg et al., 1996;
Karami et al., 1997) with the exception that por-
tions of the stock solution were added to the
initially pure solvent in the conductivity cell using
10 ml ‘plastic Once®’ syringes. The exact amounts
of the stock solution added to the cell were deter-
mined by difference weighing of the syringe.

For each concentration of the salt resistance
measurements were performed at five different
frequencies, n, in the interval from 2 to 5 kHz.
Ordinarily, the resistance, R, is extrapolated to
infinite frequency (i.e. to 1/n=0) assuming a lin-
ear relationship between R and 1/n. For the
present system, however, we found a slight curva-
ture in this graph. A typical example of this kind
is shown in Fig. 1 for a 4.25 mM solution of
LidHCl in PG. The curve in this graph refers to a
polynom of order 2.

The results of the conductance measurements
are summarised in Table 1, where the molar con-
ductivity of LidHCl, corrected for the conductiv-
ity of the solvent, is given at different
concentrations between 0.4 and 10.0 mM.
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Fig. 1. Extrapolation of resistance to infinite frequency for 4.25 mM LidHCl in PG at 25°C.

3. Analysis of conductivity data

For the concentration range of lidocaine hy-
drochloride in propylene glycol here concerned it
appears reasonable to assume that the ionic species
LidH+, H+, and Cl−, appear besides electrically
neutral species, lidocaine molecules (Lid) and ion-
pairs, LidH+Cl− and H+Cl−. For 1:1-electrolytes
triple ions should, according to theory (Fuoss and
Accascina, 1959), not appear below a critical con-
centration, c0, given by the expression (Eq. (1)),

c0=3.2 ·10−7e3 (1)

where e is the dielectric constant of the solvent.
For PG at 25°C, c0=8.34 mM. The calculation of
conductance parameters from our conductivity
data in Table 1 will be restricted to concentrations
below this critical value.

Hence, we will consider the following equilibria
(Eqs. (2)–(4)),

LidH+ Ka
U Lid+H+ (2)

H+ +Cl− K
U H+Cl− (3)

LidH+ +Cl− Kp
U LidH+Cl− (4)

where Ka is the acid dissociation constant
of LidH+, and K and Kp are the ion-pair ass-
ociation constants for formation of H+Cl− and
LidH+Cl− ion-pairs, respectively.

3.1. The dissociation equilibrium,
LidH+ULid+H+

In analysing our conductance data we will as-
sume that, for the four lowest concentration
points, 12.289 ·10−4]c]4.098 ·10−4 M, ion-
pair formation according to Eq. (3) and Eq. (4)
may be neglected. This assumption will be dis-
cussed below. For the infinitely dilute solution,
when the electrolyte is completely dissociated into
Lid, H+ and Cl−, the molar conductivity is equal

Table 1
Molar conductivity of lidocaine hydrochloride in propylene
glycol at 25.0°C

L (cm2/V per104 ·c (M) 104 ·c (M) L (cm2/V per
mol)mol)

48.922 1.967892.303684.098
1.9405356.2136.057 2.26773

9.082 2.23412 63.342 1.91431
69.704 1.891852.1916512.289
76.132 1.874352.1534816.400

1.8565282.45420.923 2.11960
34.000 2.03673 88.130a 1.84357

2.0175138.298 93.950a 1.83138
1.81187100.045a1.9950242.506

a These concentrations were not included in computing the
conductance parameters because they exceed, according to
theory (Fuoss and Accascina, 1959), the critical concentration
for triple ion formation.
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Fig. 2. Graph according to Eq. (7) for HCl in PG at 25°C. Calculations based on conductance data of Venkateswara Sastry and
Kalidas (1985).

to the limiting molar conductivity of hydrochloric
acid, L0(HCl).

The degree of dissociation of LidH+ is denoted
by a. Hence, the fractions of LidH+, H+ and
Cl− are equal to (1−a), a and unity, respec-
tively. The concentration dependence of the molar
conductivity of LidHCl in this high dilution range
can now be expressed,

L=m [l0(LidH+)(1−a)+l0(H+)a+l0(Cl−)]
(5)

where m is a previously defined mobility correc-
tion factor (Karami et al., 1997), which corrects L
for ion atmosphere effects. The l0’s are the limit-
ing molar conductivities of the species indicated.

The single ion conductivities, l0(H+) and
l0(Cl−), were estimated from literature data using
the following procedure.

Venkateswara Sastry and Kalidas (1985) report
conductivity data for hydrochloric acid in propy-
lene glycol at 25°C. To obtain the ion-pair associ-
ation constant, K, of H+Cl− and L0(HCl) the
FHFP conductance equation (Fuoss and Hsia,
1967, 1968; Fernandez-Prini, 1969),

L=L0−S(ca)1/2+Eca log(ca)+J1ca−J2(ca)3/2

−Kcag2L (6)

in its linearised form,

y=L0−K ·x (7)

combined with the law of mass action for the
equilibrium Eq. (3) and the Debye-Hückel equa-
tion (Robinson and Stokes, 1965) for the mean
molar activity coefficient of free ions, was fitted to
the HCl conductivity data according to the itera-
tive method previously outlined for LidHCl in
1-octanol (Karami et al., 1997). The distance
parameter in the Debye-Hückel equation and in
the FHFP conductance Eq. (6) and Eq. (7) was
set equal to the Bjerrum radius, which for univa-
lent electrolytes in PG at 25°C is equal to 9.45 Å.
A graph according to Eq. (7) for the final values
of K and L0(HCl) is shown in Fig. 2. This proce-
dure yielded K=82 (molar scale) and L0(HCl)=
9.58 cm2/V per mol.

To split L0(HCl) into the individual limiting
ionic conductivities, l0(H+) and l0(Cl−), access
to transport numbers are required. To the knowl-
edge of the authors no such data for HCl in PG
are available in the literature. However, for a
series of alcohols including propan-1-ol, propan-
2-ol, 2-methylpropan-1-ol, butan-1-ol and butan-
2-ol (De Lisi et al., 1976) estimated cation
transport numbers for HCl in these alcohols at
25°C are in the range from 0.77 to 0.85. Hence,
we decided tentatively to use t+ =0.8 for the
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cation transport of HCl in PG. This yields
l0(H+)=7.66 and l0(Cl−)=1.92 cm2/V per
mol.

The acid dissociation constant Ka for LidH+

(equilibrium 2) and the limiting molar conductiv-
ity of this ion, l0(LidH+), resulting in the best fit
of Eq. (5) to the four lowest concentration points
(c,L) in Table 1 were determined according to the
procedure described for LidH+ in aqueous solu-
tion (Sjöberg et al., 1996).

In Fig. 3 it is shown how the standard deviation
in L, s(L), for the difference between experimen-
tal and calculated values of L depend on
l0(LidH+) for different values of Ka. The corre-
sponding contour diagram, Fig. 4 illustrates how
s(L) depends on these two parameters. The ‘total
minimum’ (denoted ‘x’) was found at Ka=
2.5 ·10−7 (molarity scale), i.e. pKa(LidH+)=6.60
and l0(LidH+)=0.2675 cm2/V per mol.

As noted above we have in this low concentra-
tion range neglected formation of ion-pairs c

(H+Cl− and LidH+Cl−) in calculating the acid
dissociation constant, Ka, of LidH+. On basis of
the H+Cl− association constant, K=82, above
the concentration of H+Cl− ion-pairs is found to
be :3% of that of free protons at a total concen-
tration of 4.098 ·10−4 M and :10% at
12.289 ·10−4 M (the concentration limits used in
calculating Ka). The corresponding values for ion-
pairs of LidH+Cl− relative to free LidH+ ions
are at the same concentration limits :1 and 3%,
respectively (estimates based on the LidH+Cl−

association constant, Kp=40, below).
As can be seen in Fig. 5, however, the calcu-

lated L vs concentration curve according to Eq.
(5) fits quite well to the four lowest concentration
points. This may be taken as evidence that the
slight formation of H+Cl− and LidH+Cl− ion-
pairs in this low concentration range does not
affect the calculated dissociation constant, Ka,
significantly. With increasing concentration, how-
ever, the experimental points show an increasingly
negative deviations from the calculated curve. We
interpret this effect to be caused by formation of
significant quantities of LidH+Cl− ion-pairs.
This matter will be discussed in the next section.

3.2. The ion-pair formation equilibrium,
LidH+ +Cl−ULidH+Cl−

It has been previously shown that 1:1-elec-
trolytes in methanol, the dielectric constant of
which at 25°C (e=32.63) is close to that of
propylene glycol (e=29.65), are subject to slight
ion-pair formation (Beronius et al., 1970). Hence,
in propylene glycol as solvent it appears most
reasonable to assume that ion-pairs of LidH+

Cl− may be present in equilibrium with free
LidH+ and Cl− ions.

To calculate the association constant, Kp, for
formation of LidH+Cl− ion-pairs the linearized
FHFP Eq. (7) was iteratively fitted, as described
for HCl above, to the 15 experimental points in
Table 1 below the critical concentration for triple
ion formation (c0=8.34 mM). A graph according
to Eq. (7) is shown in Fig. 6. Though an appar-
ently straight line is obtained (regression coeffi-

Fig. 3. Standard deviation plot for varying Ka and l0 (LidH+

). Fit of Eq. (5) to the four lowest concentration points in
Table 1 for LidHCl in PG. The curves 1–6 refer to 107.
Ka=1, 1.5, 2, 2.5, 3 and 4, respectively.
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Fig. 4. Contour diagram showing the dependence of s(L) on l0(LidH+) and Ka. The figure on the lines represent percentage
standard deviation. Calculations based on data for LidHCl in PG according to Table 1 for cmax=1.23 mM (four lowest
concentration points). The best fit point, denoted x, corresponds to Ka=2.5 ·10−7 and l0(LidH+)=0.2675 cm2/V per mol.

cient 0.999) a close inspection indicates that there
might be a slight curvature (convex downwards)
in this graph. This effect may be due to the fact
that we have neglected the contribution of free

protons to the conductivity due to the (slight)
dissociation of LidH+. If this is so, there should
be a trend in Kp with the concentration interval
studied. Hence, we repeated the calculation of Kp



K. Karami, P. Beronius / International Journal of Pharmaceutics 168 (1998) 85–95 91

Fig. 5. Dependence of L on concentration of LidHCl in PG according to Eq. (5) fitted to the four lowest concentration points in
Table 1. The increasing negative deviations between Eq. (5) and the experimental points with increasing concentration indicates
formation of ion-pairs (LidH+Cl−). The upper curve, referring to the right hand side y-axis, is an enlargement in the vertical
direction of lower one.

after removing the point at the lowest concen-
tration, then again after removing the two low-
est concentration points, and so on. The result
is shown as the upper curve in Fig. 7, where Kp

has been plotted as a function of the lower limit
of the LidHCl concentration interval. A very
slight decreasing trend in Kp with increasing
lower limit of the interval is indicated. Hoping
to obtain a constant Kp-value each experimental
point was corrected for the contribution of free
protons to the conductivity. The dependence of

Kp on the lower concentration limit is, after this
correction, shown as the lower curve in Fig. 7.
Now we find a slight increase in Kp upon in-
creasing the lower concentration limit. These
calculations show, however, that the disturbing
effect of the dissociation of LidH+ on the com-
puted ion-pair association constant, Kp, is quite
small. The two curves in Fig. 7 tend asymptoti-
cally to a value of Kp:40.

Fig. 8 shows the corresponding dependence of
L0(LidHCl) on the lower limit of the concentra-
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Fig. 6. Best fit of Eq. (6) in its linearized form, Eq. (7), to the
conductance data of LidHCl in Table 1; cmax=8.25 mM.

cording to the alternative method of computation
in Section 3.1 above.

4. Discussion

Inspection of Fig. 5 indicates that Eq. (5), derived
on the assumption that the only equilibrium of
importance is that between LidH+, Lid and H+,
fits the experimental points quite well up to a total
LidHCl concentration of about 1.2 mM. Above this
concentration there is strong evidence of formation
of LidH+Cl− ion-pairs (experimental points devi-
ating negatively from the calculated curve).

On basis of the equilibrium constants above,
Ka=2.5 ·10−7 for the dissociation of LidH+ and
Kp=40 for the formation of LidH+Cl− ion-pairs,
the concentrations of the LidH+Cl−, LidH+, and
electrically neutral Lid molecules were computed as
a function of the total concentration of lidocaine
hydrochloride. Mean molar activity coefficients
were calculated as above according to the Debye-
Hückel equation. The results are shown in graphic
form in Fig. 9, which indicates that free LidH+ ions
strongly dominate over both LidH+Cl− ion-pairs
and neutral Lid molecules in the entire concentra-
tion interval studied. Only a very small fraction of
the salt appears as electrically neutral Lid
molecules.

tion interval before and after correcting the con-
ductivity of the solution for the dissociation of
LidH+. The two curves converges asymptotically
towards L0(LidHCl):2.35 cm2/V per mol, which
is not far from the corresponding L0-value, 2.19
cm2/V per mol, obtained as the sum of the limit-
ing ionic conductivities of LidH+ and Cl− ac-

Fig. 7. Upper curve: Ion-pair association constant, Kp, as a function of the lower limit of the concentration interval of LidHCl in
PG assuming negligible dissociation of LidH+. The lower curve is the corresponding one obtained after correcting the conductiv-
ity of the solution for the contribution of free protons due to the slight dissociation of LidH+. Conductance data according to
Table 1 for cmax=8.25 mM.
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Fig. 8. Dependence of L0(LidHCl) on the lower limit of the concentration interval before and after correcting the conductivity of
the solution for the dissociation of LidH+ (compare top and bottom curves, respectively).

From an iontophoretic point of view it is desir-
able that the fraction of the electrolyte in the form
of charged species (LidH+) is as large as possible.
Fig. 10 shows how the fraction of the salt in this
charged form varies with the total concentration
of lidocaine hydrochloride. In extremely dilute
solutions increasing concentration results in an
increase in the fraction of free LidH+ ions up to
a total concentration of about 0.5 mM. In this
low concentration range dissociation of LidH+

into Lid and H+ is the dominating process. At
this concentration, corresponding to the maxi-
mum in the graph, there is an onset of formation
of measurable amounts of LidH+Cl− ion-pairs,
the extent of which increases with the salt concen-
tration. This results in a gradual decrease in the
fraction of free LidH+ ions with increasing con-
centration. At the highest concentration investi-
gated, 10 mM, the fraction of LidH+Cl−

ion-pairs is about 15% of the total concentration
of lidocaine hydrochloride.

Lidocaine hydrochloride has been previously
studied at 25°C by the present method in water
(Sjöberg et al., 1996) and 1-octanol (Karami et
al., 1997) as solvent media. Propylene glycol is,
with respect to ionization power, intermediate in
character between these two solvents. This fact is
reflected by the different kind of charged and
non-charged species appearing in detectable
amounts in these solvent media (Table 2).

In water as solvent no higher aggregates than
LidH+ are detected (Sjöberg et al., 1996). Water
and propylene glycol are similar with respect to
their influence on the electrolyte with the excep-
tion that LidHCl is subject to slight ion-pair
formation in PG. The behaviour of LidHCl in
1-octanol differs markedly from that in water and
PG. In 1-octanol the LidH+ ion appears to be
practically undissociated and there is in this sol-
vent strong evidence of formation of ion-pairs as
well as triple ions (Karami et al., 1997).

5. Conclusions

The aim of the present study was to obtain a
firm basis for optimising the conditions in ion-
tophoretic delivery of drugs involving enhancers.
Lidocaine hydrochloride in pure propylene glycol
was used as a model system. Propylene glycol was
selected as solvent because of its documented
importance as an enhancer. By means of electrical
precision conductance measurements and applica-
tion of advanced conductance theory it was found
possible to characterise this system on a molecular
level.

The dependence of the molar conductivity of
the electrolyte was investigated at 25.0°C over the
concentration interval from 0.4 to 10 mM. The
data were analysed with respect to dissociation of
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LidH+, formation of ion-pairs, LidH+Cl−,
and mobilities of the ionic species involved.

LidH+ was found to behave as a very weak
electrolyte (pKa=6.60) and is subject to slight
ion-pair formation with the chloride ion; ion-
pair association constant Kp:40 on the molar-
ity scale. Up to a total concentration of about
0.5 mM dissociation of LidH+ is the dominat-
ing process. Above this concentration measur-
able amounts of LidH+Cl− ion-pairs are
formed. The extent of ion-pair formation in-
creases to about 15% of the total concentration
of lidocaine hydrochloride at the highest con-
centration, 10 mM, investigated.

Comparison with conductance data for this
anaestheticum in water and 1-octanol as solvent
media clearly demonstrate the tremendous effect

Fig. 10. Fraction of the drug in the form of LidH+ as a
function of total concentration of LidHCl in PG.

Fig. 9. Concentrations of different species in solutions of
LidHCl in PG as a function of total concentration indicating
a strong domination of free LidH+ ions over ion-pairs,
LidH+Cl−, and neutral lidocaine molecules, Lid.

of the character of the solvent on the be-
haviour of the drug with respect to formation
of charged and uncharged species in the solu-
tion.

Table 2
Measurable amounts (*) of charged and uncharged species of
lidocaine hydrochloride in the concentration interval 0.2–10
mM at 25°C

Propylene glycol 1-OctanolWaterSolvent
e 78.3 29.65 9.85

LidH+ ***
* *Cl− *

—* *Lid
*H+ * —
— *LidH+Cl− *

*—(LidH)2Cl+ —
—LidHCl2

− — *
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