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Abstract

Objectives This work aimed to elucidate the role of electroosmosis during trans-nail
iontophoresis.
Methods Passive and iontophoretic experiments were performed after short hydration
(10–15 min) of human nail tips. The electroosmotic fluxes of mannitol were determined
during anodal and cathodal iontophoresis and at different pH values. Passive controls were
also carried out. Four sets of experiments were performed: (a) three anodal delivery
experiments using different nails, at pH 4.0, 5.0 and 7.4, (b) one anodal delivery experiment
that kept the same nails across two pH stages, (c) one experiment, comprising an anodal
delivery stage (pH 4 and 7.4) followed by a cathodal delivery stage (pH 7.4 and 4), which
kept the same nails across the different polarities and pH stages, and (d) a passive experiment
keeping the same nails across different pH values (4 and 7.4).
Results The fluxes of mannitol measured were very variable and little difference between
passive and electroosmotic transport was observed. Cathodal and anodal fluxes were not
always significantly different. Experiments which minimised internail variability suggested
that the nails were negatively charged at physiological pH, and that this negative charge
was lost at pH 4.
Conclusions These results suggest a modest and highly variable contribution of
electroosmosis to the iontophoretic transungual flux.
Keywords electroosmosis; iontophoresis; mannitol; nail; permselectivity

Introduction

The treatment of onychomycosis, which affects 2–13% of the population,[1] is long and
complicated due to the adverse effects and drug interactions resulting from systemically
administered antifungal drugs.[2] Topically applied therapies are advantageous but have
limited efficacy,[3] probably because they fail to deliver sufficient drug to the nail bed where
the onychomycosis lies. Different approaches have been considered to enhance drug topical
penetration ,[4,5] including iontophoresis, which has received increasing attention lately.[6–10]

Iontophoresis is driven by two main forces, electrorepulsion and electroosmosis.
Electrorepulsion results from the interaction of charged molecules with electrodes while
electroosmosis is a current solvent flow resulting from the permselective properties of the
membrane.[11] Electroosmosis is the only mechanism of transport available for uncharged
and zwitterionic molecules. The skin is negatively charged, and therefore permselective to
cations at physiological pH. An electroosmotic solvent flow is induced when an electric
field is imposed across a permselective membrane; this solvent flow occurs in the same
direction as the preferential passage of counterions.[12] Thus, for a negatively charged
membrane the electroosmotic flow occurs in the anode-to-cathode direction. The volume
flow JV (volume per unit time per unit area) is predicted to be proportional to the potential
gradient established by the electric field, and the molar flux of a solute Jj present at
concentration cj is then Jj = JVcj.

[12]

In the case of transdermal iontophoresis, the electroosmotic contribution to overall
transport is much less than the electrorepulsive one, although it is responsible for the
transport of uncharged polar molecules and its contribution to the transport of high
molecular cationic molecules is not negligible. In the case of transungual iontophoresis the
role of the electroosmotic contribution is not completely understood. However, given the
physicochemical (molecular weight, ionisation and lipophilicity) properties of antifungal
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drugs it is important to establish whether electroosmosis
could contribute to their transport by iontophoresis.

The direction of the electroosmotic flow is directly related
to the membrane’s charge and does not always occur in the
same direction of transport as that of the main charge
carriers. For example, the transdermal electroosmotic flow of
mannitol remained in the anode-to-cathode direction during
experiments in which the lidocaine hydrochloride transport
number was 0.1 and the counter ion, chloride, was the main
charge carrier.[13] Thus the measurement of electroosmotic
flux is crucial to determine the charge of a membrane, and
indeed this issue has been investigated in previous work,
using different electroosmotic markers and experimental
conditions. Murthy et al.[9] measured the cathodal and anodal
electroosmotic transport of glucose at different pH values
across nail tips from human volunteers. The nail tips were
pre-hydrated for 6 h before a 0.125 mA constant current was
applied for 10 h. These experiments showed the anodal flux
to be approximately five to six times the cathodal flux at
pH 7 and the cathodal flux to be approximately five to six
times the anodal flux at pH 2–3. Both fluxes were equivalent
at pH 5, suggesting the isoelectric point of nails to be around
5. These results suggest the nails are negatively charged at
physiological pH and have similar properties to the skin,
such as being cation permselective and presenting an
electroosmotic flux in the anode-to-cathode direction.[14]

The iontophoretic transport of griseofulvin (weak acid,
pKa ~ 11) also supports this suggestion.[9] For example, the
highest fluxes of griseofulvin at pH 3 and 7 were obtained
using cathodal and anodal iontophoresis respectively, again
indicating that electroosmosis occurs in the cathode-to-anode
direction at pH 3 (nail positively charged) and in the anode-
to-cathode at pH 7 (nail negatively charged). Griseofulvin
fluxes were about a half of those reported for glucose, which
could be due to the drug’s higher molecular weight, increased
lipophilicity or its extensive binding to keratin.

However, this six-fold enhancement of glucose fluxes,
caused by the application of 0.125 mA iontophoresis, and the
unambiguous distinction between anodal and cathodal fluxes,
contradicts other data. Hao et al. performed mannitol and
urea iontophoresis, with and without chemical enhancers,
across cadaver nail plates, which were hydrated for 24 h prior
to experiments that were longer.[6–8] A first study found that
anodal iontophoresis enhanced mannitol and urea transport
compared to passive diffusion, although the level of
enhancement was quite moderate (1–1.4-fold at 0.1 mA)
and (0.8–2.8-fold at 0.3 mA).[6] Subsequent work by the
same group found no difference between the passive and the
anodal transport of mannitol, an observation which, accord-
ing to the authors, was due to the presence of tetraethyl
ammonium chloride in the donor solution.[7] In a third paper,
the results indicated that anodal and cathodal delivery of
mannitol is dominant at pH 7 and pH 3, respectively, and that
an inverse relationship exists between mannitol delivery and
ionic strength; it was concluded that electroosmosis provides
a moderate contribution to the overall transport during
transnail iontophoresis.[8] Unfortunately, Hao et al.[6–8]

reported their results as permeability coefficients, enhance-
ment factors and Peclet numbers, which limited their direct
comparison with the fluxes reported by Murthy.[9]

It follows that nail permselectivity has not been demon-
strated unambiguously and the aim of the work here reported
was to further investigate this phenomenon. In line with
Hao et al.[6–8] and numerous skin studies[13,14] we have used
mannitol, a usual marker for electroosmosis, which is a
neutral, polar and exogenous sugar having a molecular
weight close to that of glucose. In a key difference to
previous work, we have limited prior hydration of the nail
to a maximum of 15 min, expecting this short hydration to
mimic more closely a practical application of transungual
iontophoresis. Secondly, we were interested in the effect of
internail variability on electroosmotic fluxes and, ultimately,
on the performance of iontophoresis as a nail drug-delivery
technique. Indeed, previous work has also differed in the
degree of variability observed.[6–10] To this end, the passive,
anodal (anode-to-cathode) and cathodal (cathode-to-anode)
electroosmotic flux of mannitol were measured at pH 4.0, 5.0
and 7.4. The significance of internail variability was also
considered and integrated into the experimental design.

Materials and Methods

Materials

Mannitol, sodium chloride, HEPES free acid, hydrochloric
acid and sodium hydroxide were obtained from Sigma
Aldrich Co. (Gillingham, UK). 14C-mannitol was obtained
from Amersham plc (Little Chalfont, UK). Ultima Gold XR,
Hionic Fluor and Solvable were obtained from Perkin Elmer
(Waltham, MA, USA). Silver wire, silver chloride powder
and platinum wire, used to prepare the electrodes, had a
minimum purity of 99.99% and were obtained from Sigma
Aldrich Co. (Gillingham, UK). All aqueous solutions were
prepared using high-purity deionised water (18.2 MΩ.cm,
Barnstead Nanopure Diamond, Dubuque, IA, USA).

Nail tips

Ethical approval was granted by the Bath Local Institutional
Review Board and fingernail clippings were obtained from
14 healthy volunteers who gave their written informed
consent. The harvested nails were washed with deionised
water and kept at room temperature in a desiccator until use.
Prior to an experiment, the nail’s thickness was measured
with a point micrometer (Point Anvil Micrometer, Mitutoyo,
Andover, UK) on the portion of the nail that was the closest
to the hyponychium. Next, each nail was soaked in deionised
water for 10–15 min in order to recover some flexibility, and
then placed in 5 mm nail adapters (PermeGear Inc.,
Bethlehem, PA, USA).

Mannitol iontophoresis

Mannitol experiments were performed in Franz vertical
diffusion cells (PermeGear Inc., Bethlehem, PA, USA),
presenting a transport area of 0.2 cm2. To facilitate sampling
of the receptor solution, the bottom chamber was used to hold
the donor solution while the receptor was placed on the top.
The nail adapter was placed so the nail’s dorsal layer faced the
donor. Experiments were performed with solutions adjusted to
an identical pH in both chambers: 4.0, 5.0 or 7.4. To fill the
donor chamber (3.6 ml), a 10 mM mannitol solution added to
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154 mM NaCl was prepared in HEPES 25 mM. This solution
was spiked with 40–50 ml of 14C-mannitol (200 mCi/ml,
equivalent to 7.4 Bq/ml) to result in 2.5–3 mCi/cell (around
0.1 Bq/cell). The receptor chamber (700 ml) contained 25 mM

of HEPES and 154 mM of NaCl.
Both the receptor and donor chambers of each cell were

initially filled with ‘cold’ (receptor) HEPES buffer at the
appropriate pH and, cell by cell, a 0.2 mA current was
applied (Kepco APH 1000M, Flushing, NY, USA) until the
voltage reached a value close to 30–40 V (~30 min/nail). It
was not possible to connect the three cells in series initially
as the resulting voltage would exceed the limit of 200 V set
on the power supply. This was due to the nails’ initial high
resistance to the current. Next, the chambers were filled with
the appropriate ‘hot’ donor and ‘cold’ receptor solutions, and
the current (0.2 mA) was started. Homemade Ag/AgCl
electrodes were used.[15] Four sets of experiments were
performed as described in Figure 1. Set I comprised three
independent experiments for study of the effect of pH (4, 5
and 7.4). This experiment suggested the effect of internail
variability on mannitol fluxes to exceed that of the other two
factors (pH and polarity of delivery) under investigation.
Thus, the next sets (II–IV) comprised experiments that
modified either pH or polarity sequentially on the same nails.
In experiments comprising several pH stages, the donor and
receptor solutions were rinsed three times and filled with the
new buffer solution before proceeding with the next stage. At
the very end of each experiment, the donor and receptor were
also rinsed three times with some receptor solution at the
appropriate pH. In all cases three replicates were performed.

Passive experiments were performed in the same way
except that no current was applied.

Mannitol quantification

The complete receptor solution was sampled at the indicated
times (Figure 1) and the chamber refilled with fresh receptor
buffer. Each receptor sample was mixed with 15 ml Ultima
Gold XR before being assessed for its 14C-mannitol content
on a Liquid Scintillation Analyzer Tri-Carb 2800TR
equipped with QuantaSmart 4.01 software (Perkin Elmer,
Waltham, MA, USA). At the end of each experiment, nails
were carefully removed from their adapters, placed in
preweighed glass scintillation vials and weighed. Five
millilitres of Solvable was added to each nail and the vials
were subsequently placed in an oven (Heraeus Function Line,
Weiss-Gallenkamp, Loughborough, UK) at 60ºC for nail
digestion. The vials were taken out of the oven on complete
digestion of the nails (minimum 6 h) and 10 ml Hionic Fluor
scintillation cocktail were added once they were at room
temperature. The nails’ content of mannitol was assessed by
liquid scintillation counting (LSC). Appropriate background
samples were prepared for each experiment. Three 700 ml
samples of buffer solution were mixed with 15 ml of Ultima
Gold XR to obtain an average radioactivity background,
which was then subtracted from the values for receptor
samples. Five millilitres of Solvable combined with 10 ml
Hionic Fluor scintillation cocktail was used as background
counting for digested nails. Three reference samples were
prepared by mixing 100 ml of the spiked donor solution with
15 ml of Ultima Gold XR. The LSC of these references
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Figure 1 Sequence followed in mannitol experiments. Each line represents one experiment, which used three nails. A dotted line (■) means the

mannitol delivery occurred in the anode-to-cathode direction, a black continuous line (□) indicates cathode-to-anode delivery and a light gray

continuous line (●) means passive diffusion. Square and circle symbols indicate the sampling times
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provided the ratio of hot-to-cold mannitol in the donor
solution and allowed estimation of the equivalent cold
mannitol present in the samples.

Mannitol binding study

The possible binding of mannitol to the nail material was
studied. Three nails (A, B and C) were cut into three pieces
(A1, A2, A3; B1, B2, B3; C1, C2, C3). Each piece was
weighed and placed for 24 h in a vial containing 2 ml of a
10 mM mannitol solution in a pH 7.4, 25 mM HEPES
buffer spiked with 14C-mannitol (200 mCi/ml equivalent to
7.4 mBq/ml). After 24 h, all of the pieces were taken out of the
mannitol solution and rinsed twice in 5 ml of a 25 mM HEPES
buffer at pH 7.4. Samples A1, B1 and C1 were then mixed
with Solvable and placed in the oven for nail digestion and
subsequently 10 ml Hionic Fluor were added prior to LSC
analysis. The remaining nail samples (A2, A3; B2, B3; C2,
C3) were placed in individual vials containing 5 ml of HEPES
25 mM for 1 week. The buffer solution was completely
refreshed in the middle of the week. At the end of the first
week, the samples A2, B2 and C2 were prepared for digestion
and LSC analysis as previously described. Samples A3, B3
and C3 were left in 5 ml of HEPES 25 mM for one more week.
The buffer solution was replaced at the end of the first week
and in the middle of week two. Finally, samples A3, B3 and
C3 were prepared for digestion and LSC analysis at the end of
the second week. The rinsing and buffer solutions were also
analysed by LSC after addition of 15 ml Ultima Gold.

Data analysis and statistics

All data are presented as mean and standard deviation of at
least three replicates. Linear regressions and statistics were
performed using GraphPad Prism V5.00 (GraphPad Software
Inc., San Diego, CA). When relevant, sets of data were
compared by a one-way ANOVA followed by a Tukey’s
post-test and by a paired t-test. Alternatively, non-parametric
tests (Kruskall–Wallis followed by Dunn’s post-test and
Wilcoxon paired t-test) were also used due to the small
number of replicates. The slopes obtained from the mannitol
amounts for each nail were compared at each pH and
condition by using the comparison tool in the GraphPad
Prism V5.00 software.[16] The level of statistical significance
was fixed at P < 0.05. All linear regressions were significant
(P < 0.05) unless otherwise indicated.[16]

Results

Mannitol transport experiments

Set I experiments
Set I comprised three independent experiments which lasted for
52 h (Figure 1). Mannitol was always delivered from the anode.
The nails used during these experiments came from female
participants (21–44 years old). The average thickness of the
nails used at pH4, 5 and 7.4was 290 ± 20 mm,290 ± 80 mmand
220 ± 20 mm, respectively.

Figure 2 shows the cumulative amounts of mannitol
delivered to the receptor solution for each nail and pH plotted
against time (Figure 2). The total amount of mannitol
delivered at each pH stage is shown in Table 1. All the slopes
of the linear regressions were significant and were used to
estimate an average flux for each nail and pH.

First of all, it was observed that the data were very
variable (Figure 2, Table 1). A test for comparison of the
slopes[16] indicated that the three slopes (i.e. fluxes) obtained
for each pH were significantly different. This variability
was particularly manifest for the experiments performed at
pH 5 and 7.4. Secondly, the fluxes measured at pH 7.4
(0.43 ± 0.26 nmol/h) were clearly the lowest of the set. An
ANOVA indicated that the flux at pH 7.4 was statistically
different to that measured at pH 4.0 (5.48 ± 1.46). This trend
was unexpected and is in complete contradiction to previous
data and to the physicochemical properties of keratin.[4,8,9]

Wide internail variability has been described previously,[6–8]

although not quantitatively reported. It was then hypothe-
sised that the experiments should be implemented in such a
way that internail variability could be separated from the
experimental error, thus allowing an improved investigation
of the effects of pH and polarity on the delivery.

Set II experiments
All the nails used in this experiment came from the middle
finger of female participants (26–44 years old). Their average
thickness was 270 ± 10 mm. Mannitol was delivered from the
anode at pH 7.4 over 28 h, after which the donor and receptor
solutions were replaced by equivalent solutions at pH 4
(Figure 1). The anodal iontophoresis of mannitol at pH 4 was
then studied for another 24 h (28–52 h). The cumulative
mannitol delivered for each pH stage is shown as a function
of time in Figure 3. The fluxes for each nail and pH stage
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were obtained from the slope of the respective linear
regressions, which were all significant[16] with the exception
of nail 2LF3 at pH 4.0. The total amount of mannitol
delivered at each pH stage is shown in Table 1.

Again, an important variability was observed at pH 7.4,
namely that the three slopes were significantly different; no
differences were found between the three slopes corresponding
to the pH 4.0 stage. Decreasing the pH from 7.4 to 4.0 clearly
reduced mannitol delivery for each nail (Table 1), but no
statistically significant differences were found between the
mean total mannitol delivery at different pH values (Table 1,
Wilcoxon paired test) or between the average mannitol flux at
pH 7.4 (1.91 ± 1.04 nmol/h) and at pH 4.0 (0.44 ± 0.13 nmol/
h). Nevertheless, the trend observed in Set II was more
consistent with a net negative charge for the nail at pH 7.4 and
with what is known about keratin (pI ~ 5) and previous
data.[4,6–9] Anodalmannitol fluxes slightly decreased (although

not to the level of statistical significance) as the bathing
solutions become more acidic, indicating the loss of negative
charge in the nail. The variability observed at pH 7.4 suggests
that the factors determining the magnitude of the convective
flow (for example the amount of fixed charge in the membrane
and the geometry of the pathway of penetration[12]) may differ
considerably among different nails.

Set III experiments
The nails used during this experiment came from the little finger
of female participants (21–44 years old) and their average
thickness was 230 ± 10 mm. This experiment comprised four
stages (Figure 1). Mannitol was delivered from the anode at
pH4.0 during the first stage (0 to 28 h) and at pH 7.4 (28 to 52 h)
during the second one. The polarity of mannitol delivery was
switched at 52 h and mannitol was subsequently delivered from
the cathode at pH 7.4 (52 to 76 h) in a third stage and at pH 4.0

Table 1 Total mannitol delivered during the different stages of sets I–IV experiments

Set I

Mannitol delivered (nmol)

Anodal pH 4.0 Anodal pH 5.0 Anodal pH 7.4

Nail 192.5 (4LF3) [270] 323.6 (2LF5) [210] 34.4 (2LF5) [220]

Nail 327.8 (12LF3) [290] 101.2 (7LF1) [360] 11.7 (7LF5) [200]

Nail 231.1 (13RF3) [310] 182.4 (13LF4) [290] 14.4 (9RF5) [230]

Mean±SD 250.5±69.7 202.4±112.5 20.2±12.4

Set II

Mannitol delivered (nmol)

Anodal pH 7.4 Anodal pH 4.0

2LF3 [270] 44.7 20.7

4RF3 [280] 82.5 19.4

7LF3 [260] 24.0 12.3

Mean±SD 50.4±29.7 17.5±4.5

Set III

Mannitol delivered (nmol)

Anodal Cathodal

pH 4 pH 7.4 pH 7.4 pH 4.0

2RF5 [220] 0.96 2.51 2.05 2.86

4LF5 [240] 0.59 0.96 1.31 2.38

13LF5 [240] 0.45 0.89 1.41 2.50

Mean±SD 0.67±0.27 1.45±0.91 1.59±0.40 2.58±0.25

Set IV – Passive

Mannitol delivered (nmol)

pH 4.0 pH 7.4

2RF4 [200] 1.92 8.43

4RF4 [240] 0.67 6.45

12RF4 [270] 1.89 8.22

Mean±SD 1.49±0.71 7.70±1.08

Set I comprised three independent experiments each using three different nails. Sets II–IV used three nails each and the pH and polarity were varied

sequentially (see Figure 1 for detailed explanation). The nail code provides information about the source for each nail: the first digit in the nail code

indicates the participant number, L or R indicates left or right hand and F+digit indicates the finger, where F1 is the thumb. The values in brackets

correspond to the thickness of the nail in micrometres.
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(76 to 100 h) in a final fourth stage. The amount of mannitol
delivered for each pHand polarity is shown as a function of time
in Figure 4 and the fluxes for each nail and stage were obtained
from the slope of the respective linear regressions. Again the
variability was higher for anodal delivery at pH 7.4 but formal
comparisons of the slopes were not performed in this case
because many slopes were not significant (see Figure 4).[16]

The average fluxes show the expected trend: anodal
delivery increases from 0.02 ± 0.01 nmol/h at pH 4 to 0.11 ±
0.07 nmol/h at pH 7.4 and cathodal delivery decreased from
0.15 ± 0.02 nmol/h at pH 4 to 0.06 ± 0.01 nmol/h at pH 7.4.
However, a non-parametric paired t-test (Wilcoxon t-test)

could only show statistically significant differences for the
cathodal fluxes.

Passive diffusion experiments
The nails used during this experiment came from the middle
finger of the right hand of female donors (22–44 years old).
Their average thickness was 240 ± 40 mm. The passive
diffusion experiment had a total duration of 96 h and
comprised a first stage at pH 4.0 (0 to 48 h) and a second
stage at pH 7.4 (48 to 96 h) (Figure 1). The cumulative
mannitol delivered during each pH stage as a function of time
is shown in Figure 5. The fluxes for each nail and pH were
obtained from the slope of the respective linear regressions,
which were all significant.[16] In this case the internail
variability was greater at pH 4 as the slopes at this pH
were significantly different; there were no differences
observed among the slopes at pH 7.4. The passive fluxes
were significantly higher (paired t-test) at pH 7.4 (0.17 ±
0.02 nmol/h) than at pH 4.0 (0.03 ± 0.02). The total amount
of mannitol delivered during the passive experiments is
reported in Table 1. The cumulative amount of mannitol
delivered at pH 7.4 for each nail was higher than at pH 4.0.
However, a Wilcoxon paired t-test did not reveal any
statistical differences between the two means.

Mannitol binding experiments

The amount of mannitol accumulated into the nail just
after 24 h of exposure and after 1 or 2 weeks of washing
periods was measured. The average nail content in mannitol
was 1.77 ± 0.47 nmol/mg, 0.46 ± 0.22 nmol/mg and
0.13 ± 0.04 nmol/mg at 24 h, 1 week and 2 weeks, respectively.
The content of mannitol in nails A, B and C decreased to 30, 28
and 18% of the initial value after 1 week and to 6, 5 and 11%
after 2 weeks. The amount of mannitol recovered from the
second rinses performed at 24 h was much smaller than the
amount recovered from the first rinse or from the rinse at the
middle of the first week. After 1 week, 0.46 ± 0.22 nmol of
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mannitol per milligram remained in the nails and 2.55 ± 4.61
nmol was found in the rinsing solutions. By the end of the
second week, only 0.13 ± 0.05 nmol of mannitol per milligram
remained in the nails and no mannitol was detectable in the
rinsing solutions. Overall these results showed thatmannitol did
not irreversibly bind to nail material.

Discussion

The aim of this work was to investigate the magnitude and
the variability of electroosmotic transport during transungual
iontophoresis. Thus, it was pertinent to examine all the data
gathered in this work and to compare it with the starting
hypothesis and previous data. Table 2 compares glucose and
mannitol fluxes and the normalised electroosmotic solvent
flow measured during transungual iontophoresis in this and
in previous work,[9] as well as during transdermal iontophor-
esis.[17] Overall, the data are consistent with the nail being
cation permselective at physiological pH. However, the
convective solvent flow deduced from the glucose data, 2.48
and 0.22 ml/h per mA for anodal and cathodal delivery
respectively, is higher that measured during transdermal
iontophoresis, 1.65 and 0.10 ml/h per mA for anodal and
cathodal delivery respectively.[9,17,18] On the other hand, the
normalised convective solvent fluxes estimated using mannitol
in this work are smaller than those reported for the skin. It
is not clear at this point the reason for these differences;
both Murthy[9] and ourselves used nail clips from healthy

volunteers, but the experiments presented here used a much
shorter hydration time before iontophoresis application.

Figure 6 shows the passive and iontophoretic mannitol
fluxes measured during the four sets of experiments,
according to the pH and polarity of delivery. On the one
hand, Murthy’s data indicate the following patterns:
(a) passive flux smaller than anodal iontophoretic fluxes at
pH > 6 and than cathodal iontophoretic fluxes at pH < 5, (b)
cathodal flux greater than the anodal at pH 2.0–4.0, (c) anodal
flux greater than the cathodal at pH 6.0–7.4 and (d) clear
enhancement of glucose transport (approximately five-fold)
caused by iontophoresis; overall these data suggest the nail
behaves like the skin.[9] On the other hand, Hao et al observed
a much more moderate enhancement effect of pH and polarity
of the delivery on mannitol and urea transport.[6–8]

In this work, the experiments with minimised internail
variability (sets II and III) also point to the nails being cation
permselective at pH 7.4 and this net negative charge
reversing at acidic pH. Electroosmotic flow may therefore
occur as result of nail permselectivity, as is the case with
the skin.[12,14,17] However, Figure 6 suggests this factor to be
overwhelmed by others when a wider population of nails is
considered. For example, consideration of set III on its own
shows that cathodal delivery is higher than anodal delivery at
pH 4.0, suggesting that the nail is anion permselective at this
pH, which is probably true. However, anodal delivery at pH 4
for other nails (sets I and II) provides a higher flux than cathodal
delivery at pH4 (set III). Similarly,while the results from set III
indicate that anodal iontophoresis at pH 7.4 is superior to

Table 2 Comparison of skin and nail electroosmotic fluxes of mannitol and glucose

Transungual iontophoresis Transdermal iontophoresis

10 mM mannitol

pH 7.4 (this work)

10 mM glucose pH 7.0[9] 1 mM mannitol pH 7.4[17]

Intensity (mA) 0.2 0.125 0.4

Current density (mA/cm2) 1.0 0.5 0.5

Fluxes (nmol/h) Js (ml/h per mA) Fluxes (nmol/h) Js (ml/h per mA) Fluxes (nmol/h) Js (ml/h per mA)

Anodal All sets 0.82 ± 0.99 0.41 ± 0.50 3.10 ± 0.32 2.48 ± 0.26 0.65 ± 0.26 1.64 ± 0.66

Cathodal Set III 0.06 ± 0.01 0.03 ± 0.01 0.28 ± 0.05 0.22 ± 0.04 0.05 ± 0.03 0.12 ± 0.08

Skin and nail electroosmotic fluxes (nmol/h) of mannitol or glucose at pH 4.0, 7.0 and 7.4 are shown together with their corresponding normalised

convective solvent flow (Js = ml/h per mA). Glucose data modified from Murthy et al.[9] and transdermal mannitol data modified from Marro et al.[17]
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Electroosmotic transport of mannitol Julie Dutet et al. 727



cathodal transport for this group of nails, overall these fluxes
are relatively low compared to passive conditions (set IV).

Thus, while nail tips are possibly negatively charged at
physiological pH, there is a huge internail variability in the
magnitude of the electroosmotic fluxes caused by iontophor-
esis. The reasons for this variability are not yet understood.
Previous studies did not report any effect of nail thickness on
the fluxes, and our data (Table 1) seem to agree with previous
findings.[6–9] For example, set II included the anodal delivery
experiment at pH 7.4, which was performed with the thickest
group of nails (270 ± 10 mm) and provided the highest
measured flux, as compared to sets I (220 ± 20 mm) and
III (230 ± 10 mm), which were similar in thickness but
produced different mannitol fluxes.

It could be hypothesised that nail permeability is modified
by their use and exposure to external factors. For example,
the thumb and the forefinger are under continuous stress
during daily life activities and nail tips have no mechanisms
for ‘recovery’ so this stress could have a permanent effect on
their permeability. In addition, transonychial water loss is
typically higher for the fingernails from the left hand[19] and
it has been shown that nails grow faster in the dominant
hand.[20] It is therefore possible that the nail plates from
different fingers or hands will differ in their permeability.
Thus, it is interesting to compare the results obtained with
nail tips originating from different fingers (Figure 6). Set II
used only nails from the middle finger and provided results
consistently higher than set III, which used nails from the
little fingers. However, the results obtained with nail tips
sourced from the same finger of different volunteers were not
more reproducible than those from different fingers, as
shown by sets I and II at pH 4, which use nails that were all
from the middle finger (F3), and by sets I and III at pH 7.4,
which used nails from the little finger (F5). There are not
sufficient data at this time to conclude an effect of finger and
hand on the nails’ permeability. This should be ideally
confirmed in the future. Unfortunately, nails are very
difficult to collect, which challenges the development of
systematic studies.

It has been suggested that nail hydration has an important
effect on nail permeability and that nail swelling is a
requirement for enhanced drug penetration in passive condi-
tions.[7,21,22] However, all the nails were similarly hydrated in
the studies presented here, ruling out hydration as the main
cause for the variability observed. Nail hydration was for a
much longer period in previous studies,[6–9] which probably
modified the nails’ electrical resistance with respect to this
work.[19,23] However, it is unclear how hydration and experi-
ment length might modify mannitol and glucose electrotran-
sport. The short hydration time (10–15 min) used in this work
was based on previous studies on nail hydration,[24] on in-vivo
studies[19] and because it represents a closer approach to a
practical in-vivo application.

Some drugs, such as salicylic acid, griseofulvin, terbina-
fine or itraconazole, bind extensively to keratin.[9,25,26] Drug
binding can considerably delay transport across the mem-
brane and could cause variability if it differs among
individual nails. Thus, a final experiment was performed to
examine whether mannitol binds to nails and if its binding
could be a factor contributing to variability. This possibility

was rejected as mannitol was easily released from the nail
clippings and showed no evidence of accumulation.

Due to the internail variability observed, the enhancement
factor observed with respect to passive conditions is
extremely dependent on the pair of experiments considered
(Figure 6), an observation that could partially explain the
contradictory observations previously reported by different
groups. Hao et al.[6–8] used the same nails for passive, anodal
and cathodal sequential delivery and observed a very
moderate enhancement and Murthy performed independent
experiments with different nails.[9] Our data also highlight
the importance of reporting either fluxes or cumulative
delivery. For example, the amount of mannitol delivered
across the nails 13LF5, 7LF3 and 2LF3 increased from 0.45,
12.3 and 20.7 nmol to 0.89, 24.0 and 44.7 nmol, respectively
(sets II–III, anodal delivery pH 4 and 7.4). Had this data been
reported as an enhancement factor, which by chance is very
similar for the three nails (1.97, 1.95 and 2.16), key
information about the absolute amount delivered and its
associated variability would have been lost.

Ultimately, it remains to establish if the results reported
here with nail clippings are predictive of the in-vivo
situation. Sodium iontophoretic fluxes across the nail showed
modest variability both in vitro[27] and in vivo.[19] However,
sodium transport is mostly due to electrorepulsion and not to
electroosmosis. Future studies are required to establish the
magnitude and variability of the electroosmotic contribution
during iontophoresis across the nail plate in vivo. This is
fundamental; if the findings reported here are representative
of the in-vivo situation it will be extremely difficult to
predict transungual fluxes for a drug that is only or primarily
transported by electroosmosis. Furthermore, failure to ensure
an enhanced, reproducible and well-controlled drug input
would make it difficult to justify the choice of an
iontophoretic nail drug delivery system with respect to a
simple and more economic passive diffusion device.

Conclusions

The electroosmotic flux of mannitol resulting from the
application of iontophoresis to human nail tips was studied.
Mannitol transport was not hindered by keratin binding. An
important internail variability was observed, which over-
whelmed the effect of current application, polarity of
delivery and pH on mannitol delivery. The results from
experiments minimising internail variability by keeping the
same nail clippings along the different stages (pH and
polarity) supported a finding that the nail tips are negatively
charged at physiological pH. However, the fluxes of
mannitol measured during these experiments remained very
dissimilar, suggesting that the electroosmotic transport of
drugs across the nail may not be easily predictable.

Declarations

Conflict of interest

The Author(s) declare(s) that they have no conflicts of
interest to disclose.

728 Journal of Pharmacy and Pharmacology 2010; 62: 721–729



Funding

This research received no specific grant from any funding
agency in the public, commercial or not-for-profit sectors.

Acknowledgements

We thank the Department of Pharmacy and Pharmacology
for a studentship for J. Dutet. We thank our colleagues in the
Skin and Nail Bioscience group, especially Prof. R.H. Guy,
for helpful discussions.

References

1. Schlefman BS. Onychomycosis: A compendium of facts and a

clinical experience. J Foot Ankle Surg 2009; 38: 290–302.

2. Debruyne D, Coquerel A. Pharmacokinetics of antifungal agents

in onychomycosis. Clin Pharmacokinet 2001; 40: 441–472.

3. Crawford F, Hollis S. Topical treatments for fungal infections of

the skin and nails of the foot (Review). The Cochrane Library

2007; 3: 1–122.

4. Murdan S. Drug delivery to the nail following topical

application. Int J Pharm 2002; 236: 1–26.

5. Elkeeb R et al. Transungual drug delivery: current status. Int J

Pharm 2010; 384: 1–8.

6. Hao SJ, Li SK. Transungual iontophoretic transport of polar

neutral and positively charged model permeants: effects of

electrophoresis and electroosmosis. J Pharm Sci 2008; 97: 893–905.

7. Hao J et al. Chemical method to enhance transungual transport

and iontophoresis efficiency. Int J Pharm 2008; 357: 61–69.

8. Hao SJ, Li SK. Mechanistic study of electroosmostic transport

across hydrated nail plates: effects of pH and ionic strength.

J Pharm Sci 2008; 97: 5186–5197.

9. Murthy SN et al. Iontophoretic permselective property of

human nail. J Derm Sci 2007; 46: 150–152.

10. Murthy SN et al. Iontophoretic drug delivery across human nail.

J Pharm Sci 2007; 96: 305–311.

11. Delgado-Charro MB, Guy RH. Transdermal iontophoresis for

drug delivery and non-invasive monitoring. STP Pharma

Sciences 2001; 11: 403–414.

12. Pikal MJ. The role of electroosmotic flow in transdermal

iontophoresis. Adv Drug Deliv Rev 1992; 9: 201–237.

13. Marro D et al. Contributions of electromigration and electro-

osmosis in iontophoretic drug delivery. Pharm Res 2001; 18:

1701–1708.

14. Kim A et al. Convective solvent flow across the skin during

iontophoresis. Pharm Res 1993; 10: 1315–1320.

15. Green PG et al. Iontophoretic delivery of amino acids and

amino acid derivatives across the skin in vitro. Pharm Res 1991;

8: 1113–1120.

16. Zar JH. Biostatistical analysis, 2nd edn. New Jersey: Prentice

Hall, 1984.

17. Marro D et al. Characterization of the iontophoretic perm-

selectivity properties of human and pig skin. J Control Release

2001; 70: 213–217.

18. López-Castellanos A et al. Effect of area on the iontophoretic

transport of phenylalanine and propranolol across the skin. In:

Proceedings of the 26th International Symposium on Controlled

Release of Bioactive Material, 1999: 405–406.

19. Dutet J, Delgado-Charro MB. In vivo transungual iontophor-

esis: effect of DC current application on ionic transport and on

transonychial water loss. J Control Release 2009; 140: 117–

125.

20. Dawder RPR et al. Science of the nail apparatus. In Baran R

et al, eds. Baran and Dawder’s Diseases of the Nail and their

Management. Oxford: Blackwell Science, 2001: 1–48.

21. Gunt H, Kasting GB. Hydration effect on human nail

permeability. J Cosmet Sci 2006; 57: 183–184.

22. Khengar RH et al. Nail swelling as a pre-formulation screen for

the selection and optimisation of ungual penetration enhancers.

Pharm Res 2007; 24: 2207–2212.

23. Hao J et al. Time-dependent electrical properties of human nail

upon hydration in vivo. J Pharm Sci 2010; 991: 107–118.

24. Wessel S et al. Hydration of human nails investigated by

NIR-FR-Raman spectroscopy. Biochim Biophys Acta 1999;

1433: 210–216.

25. Hui X et al. Enhanced human nail drug delivery: nail inner drug

content assayed by new unique method. J Pharm Sci 2002; 91:

189–195.

26. Leyden J. Pharmacokinetics and pharmacology of terbinafine

and itraconazole. J Am Acad Dermatol 1998; 38: S42–S47.

27. Dutet J et al. Transungual iontophoresis: in vitro and in vivo

studies. In: Proceedings of the 36th Annual Meeting and

Exposition of the Controlled Release Society, 2009.

Electroosmotic transport of mannitol Julie Dutet et al. 729



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


