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Purpose. Reverse iontophoresis extracts glucose across the skin in the
GlucoWatch Biographer, a device to monitor glycemia in diabetes.
However, the device must first be calibrated with an invasive “finger-
stick” and this has been perceived as a disadvantage. Here, urea, a
neutral “internal standard” is extracted simultaneously in an attempt
to render the technique completely non-invasive.

Methods. In a 5-h experiment in human volunteers, reverse ionto-
phoretic fluxes of glucose and urea (J, and J,,,, respectively) were
measured periodically and correlated with the corresponding blood
levels. In the case of glucose, a finger-tip blood sample was taken at
the beginning of each collection interval; for urea, three blood
samples were assayed: one before, one during, and one at the end of
iontophoresis.

Results. The ratio Jg,/J ., divided by the ratio of the systemic con-
centrations (C,,/Cye,) yielded an extraction coefficient (K) that
could be compared between subjects. Though J, ,cose tracked Cgy,
faithfully when the volunteers were challenged with an oral glucose
load, J ., remained quite stable reflecting the fact that C,,., did not
change appreciably during the experiment. However, whereas the
variability (expressed as the coefficient of variation) in the normal-
ized extraction flux of urea (J;.,/Cyrea) Was on the order of 25%, that
for glucose was greater (>45%), with the result that the values of K
(0.45 £ 0.25) were less constant than anticipated.

Conclusions. Although urea performed quite reasonably as an inter-
nal standard, in that its extraction flux and systemic concentration
both remained quite constant, the normalized, transdermal, ionto-
phoretic flux of glucose showed interindividual variability due to
mechanisms that were not entirely governed by electrotransport.
That is, despite good qualitative tracking to blood levels, there appear
to be other (biochemical, metabolic, contamination?) factors that im-
pact upon the quantitative results obtained.

KEY WORDS: electroosmosis; iontophoresis; non-invasive glucose
monitoring; skin; transdermal.

INTRODUCTION

The GlucoWatch Biographer uses reverse iontophoresis
to non-invasively extract glucose across the skin (1). It allows
glycemia in diabetics to be monitored over the course of a
day. The iontophoretic extraction is based on the application
of a low electric current, which drives the migration of ions
across the skin. This biologic membrane, under physiologic
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conditions, is negatively charged and, as a result, permselec-
tive to cations. The preferential passage of counter-ions
across the skin induces electroosmosis, a convective solvent
flow, which carries small neutral molecules such as glucose
toward the skin surface. The electroosmotic flux of a solute
(Jgo) is proportional to the potential gradient established by
the electric field (-d®/dx) and the subdermal concentration of
the analyte C; (2):

—-do
Jeo=Lvg - dx -G 1

where the electroosmotic flow coefficient L,z describes the
direction and the magnitude of the volume flow. In addition
to convective flow, passive diffusion may additionally contrib-
ute to the total transport across the skin. For a neutral species,
the total flux J; (nmol - h™) can therefore be expressed as the
sum of the electroosmotic (Jio) and passive diffusion contri-
butions (J,):

Ji=Jeo+ A, @

where A (cm?) is the surface area of the skin across which
transport is occurring. Note that J, is typically expressed, for
example, in units of nmol -cm™2-h™! and the total amount
transported across a membrane by this mechanism depends
directly on the available diffusion area (A). Further, it is gen-
erally accepted that J, will be a function of the size of the
diffusing molecule (3). In contrast, at constant current, J is
governed by the charge on, and hence the permselectivity of,
the skin and appears to be area-independent (4). Addition-
ally, Jio is insensitive, or at least much less sensitive, to the
size of the convected species (2). The magnitude of convective
flow may be an important factor behind the variability in
iontophoretic fluxes of neutral solutes.

Such inter- (and even intra-) individual differences mean
that glucose monitoring with the GlucoWatch requires cali-
bration against a conventional blood sample at each use. The
invasive calibration procedure (a classic “finger-stick” to ob-
tain a blood sample) has been perceived as a disadvantage,
despite the fact that the device provides highly valuable in-
formation about the blood glucose profile over time and al-
lows hypoglycaemia to be anticipated (5).

The goal of the work presented here is to avoid the con-
ventional calibration step via the use of an “internal stan-
dard.” This approach involves the extraction and subsequent
analysis of two species simultaneously, the analyte of interest
(glucose) whose concentration varies as a function of time,
and the internal standard (IS), an endogenous molecule of
known and essentially fixed physiologic levels (6). If the ion-
tophoretic transport of glucose is independent of that of the
other, then their iontophoretic extraction fluxes (J, and J,
respectively) should obey the following relationship:

Cglu
Cis

J

glu
To=K- 3)
Jis
where C,,, and Cig are the blood concentrations of the two
substances, and K is a proportionality constant (or extraction
coefficient), which may be defined by the combination and
rearrangement of Equations 2 and 3:
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Initial work investigated this idea in vitro and in vivo using the
sodium ion as the internal standard (6,7). Though encourag-
ing results were obtained in vitro, significant inter- and intra-
individual variation in K was observed for a subset of the
study population in vivo. This variability was due to fluctua-
tions in the extraction efficiency of glucose; the Na* electro-
transport remained remarkably constant as hypothesized.
Further in vitro studies suggested that a small neutral mol-
ecule extracted by the same mechanism as glucose would bet-
ter reflect modified electroosmotic transport (Sieg et al., sub-
mitted), and urea was identified as a potentially interesting
internal standard candidate for in vivo evaluation. This article
presents the results from a preliminary evaluation of this idea.

MATERIALS AND METHODS

Study Population

Nondiabetic subjects (age range: 25 to 40 years; 1 male, 5
females), with no history of skin disease participated in the
study. Informed consent was obtained, the study protocol
having been approved by the internal review board of the
University of Geneva in accord with the principles outlined in
the Declaration of Helsinki. Five subjects participated on a
single occasion, while 1 volunteer participated twice.

Chemicals

Tris base (a,a,a-Tris-(hydroxymethyl)-methylamine),
sodium chloride, Dp-glucose, hydrochloric acid, sodium hy-
droxide, diacetylmonoxime, thiosemicarbazid, sulfuric acid,
and iron (III) chloride were purchased from Sigma-Aldrich
(St. Quentin Fallavier, France) and were at least analytical
grade. Deionized water (resistivity > 18.2 Mohm/cm?) was
used to prepare all solutions.

Iontophoresis

Two cylindrical glass cells (diameter 1.6 cm, extraction
surface 2 cm?), separated by a distance of 7 cm, were fixed
with foam tape (3M Health Care, St. Paul, MN, USA) on the
subject’s ventral forearm. The anodal chamber was filled with
1.2 ml of 10 mM Tris-buffer at pH 8.5 containing 100 mM
NaCl; the cathodal chamber contained the same volume of 10
mM Tris buffer alone. The slightly alkaline pH was used to
maximize electroosmotic flow, a strategy already adopted in
the GlucoWatch (8). Custom-made Ag/AgCl electrodes were
inserted into the solutions and fixed 3—4 mm above the skin
surface to ensure that no physical contact occurred. Direct
current (I = 0.6 mA, current density = 0.3 mA/cm?) was
passed for a total of 5 h and was controlled by a Phoresor II
Auto (Iomed, Salt Lake City, UT, USA), an FDA-approved,
constant current, iontophoretic power supply. Every 15 min
post-initiation of the current, the entire cathodal solution was
collected and replaced by 1.2 ml of fresh buffer. The samples
were immediately frozen until analysis.

After 2.5 h of iontophoresis, the subjects ingested 75 g of
glucose dissolved in 300 ml of water (Glucosum monohydri-
cum Ph.Eur., Hinserler AG, Herisau, Switzerland), so as to
provoke a significant change in blood sugar. From this point
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onward, glycemia was measured before each subsequent 15-
min collection interval using a conventional blood glucose
monitor (Glucotrend 2, Roche Diagnostics, Mannheim, Ger-
many). Blood urea levels were determined in 32 pl of capil-
lary blood from the finger-tip using a Reflotron Benchtop
Analyser (Roche Diagnostics, Mannheim, Germany). Three
spot measurements were made: immediately before starting
iontophoresis, during the experiment at the time of the first
blood glucose measurement, and directly after termination of
iontophoresis.

Analytical Chemistry

Glucose was assayed by high-performance anion chro-
matography with pulsed amperometric detection on a gold
electrode using an ion chromatograph (Dionex 600 system,
Dionex, Sunnyvale, CA, USA) (7). Urea was determined by
a colorimetric reaction using diacetylmonoxime reagent
(9,10). This method had a linear response over the concen-
tration range from 5 to 70 wM; only citrulline provided a
significant interference. The colored complex was allowed to
form at room temperature, and absorption was measured at a
wavelength of 520 nm (Perkin Elmer 554 Spectrophotometer,
Perkin Elmer, Norwalk, CT, USA).

Data Analysis and Statistics

Iontophoretic fluxes were calculated from the amounts
extracted in each collection period and plotted at the mid-
time point of each interval; blood glucose concentrations
were the values at the actual time of measurement. Blood
urea levels for each sampling interval were estimated by lin-
ear extrapolation between the three spot measurements; for
each volunteer, the regression (r* = 0.97) indicated that this
approximation was reasonable. Typically, urea concentrations
declined slightly over the 5-h experiment (0.25 + 0.05 mM/h).

Normalized fluxes were determined by dividing the ion-
tophoretic flux values of glucose and urea by the correspond-
ing blood concentrations at each interval. Statistical differ-
ences were assessed by ANOVA, followed by a Newman-
Keuls multiple comparison test, using GraphPad Prism 3.02
software (San Diego, CA, USA). Individual values of K were
determined by linear regression of the extracted flux ratio vs.
the ratio of the corresponding blood levels, for which signifi-
cance was tested by ANOVA. Slopes of the regression line
were then compared by analysis of covariance as described in
Ref. 11. Unless otherwise stated, data are expressed as mean
+ SD.

RESULTS AND DISCUSSION

Local Effects of Iontophoresis

All subjects experienced a mild tingling sensation when
the current was applied. The sensation was typically asym-
metric, being more noticeable at the anode than at the cath-
ode. Generally, the sensation diminished with time of current
application and lasted no longer than 30 min. Iontophoresis
caused the skin beneath the electrode chambers to become
slightly erythematous, an effect which disappeared within 24
h of current termination. In addition, a few, small, punctuate
lesions remained after the redness disappeared; these marks
persisted for several days. These completely reversible effects
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are similar to those that have been reported in the literature
(12), and do not appear to impair skin barrier function.

Glucose Extraction

The iontophoretic transport of glucose, an uncharged,
polar molecule, occurs by electroosmosis and is directly pro-
portional to the subdermal concentration (2). However, a
“warm-up” period is necessary to establish a pseudo-steady
electroosmotic flow and to empty the glucose reservoir from
the skin. The latter is due, at least in part, to local metabolism
and is not reflective of glucose levels in the blood. The rec-
ommended “warm-up” period for the GlucoWatch G2 is 2 h,
a period similarly adopted in this study. Figure 1 shows the
reverse iontophoretic extraction profiles of glucose for 3 vol-
unteers. Though the fluxes accurately tracked the systemic
glucose concentration, the extraction efficiency varied be-
tween subjects. Table I illustrates this point and shows, for
each experiment, the average extraction fluxes of glucose nor-
malized by the corresponding blood concentrations (i.e., the
values of J,/Cy, which, in turn, are equal to the apparent
electroosmotic flow rates). Although the intra-individual vari-
ability was modest (the mean coefficient of variation was
21%), there were considerable differences between individu-
als: for the seven experiments performed, J,,,/Cy,, = 8.5 3.2
wl-h™ (CV = 38%). While it is tempting, when considering
the J,,/C,, data in Table I, to suggest that two sub-
populations might exist, there are insufficient data from this
study to justify the premise. However, if the results are com-
pared to the earlier in vivo investigation (7), then this trend is
supported more clearly. Previously, it was found that, in 12
experiments, J,,/Cy, = 7.1 4.7 pl - h™!, a result not signifi-
cantly different from that found here. Again, intra-individual
differences, with one exception, showed CVs of no more than
20%. But more striking is the observation shown in Fig. 2,
wherein the combined data for normalized glucose flux from
the earlier work and from this study appear to separate into a
“high-extraction” group (J,/Cg, > 8 pl-h™"), and a group
for which extraction is less (and, sometimes, much less) effi-
cient.

Urea Extraction

Reverse iontophoresis has been used to monitor blood
urea in patients with renal insufficiency (13), and a linear
correlation between the iontophoretically extracted analyte
and the corresponding blood levels was obtained. Extraction
was performed, however, for only 5 min, during which time
the samples almost certainly included significant levels of
endogenous urea from the skin (14). This is supported by
the normalized fluxes reported, which ranged from 190 to
610 wl-h™'-ecm™-mA~", that is 15-20 times higher than
those observed in the study described here (17.4 + 4.7
pl-h™-em™-mA™; CV = 27%).

Typical reverse iontophoretic urea fluxes are shown in
the lower panels of Fig. 1(A-C). After the initially very high
levels obtained, which were outside the calibration range of
the assay (and therefore not shown), fluxes stabilized after
~60 min and generally followed the slight decrease in urea
blood levels that occurred during the 5-h experiment. As for
glucose, the small, neutral urea is principally extracted by
electroosmosis. Passive diffusion, nevertheless, has been
shown to contribute significantly to urea electrotransport

1807
A 190
. 412 @

% Subject 1 =
s 1200 f0 8
2 ~ 8
§(.c 90 B’ =z
D 5 s §_
B E 60 . 3
o E 3
£ 30t =
i 12

O 1 1 I 1 1 1 O

0 60 120 180 240 300 360

Time (min)

. 150 12 ¢
5 s
S E ® To
§ g 100 o PR R T g r P g = %
S £ A 414 g

500 60 120 180 240 300 360 0
Time (min)
B 150 T T T T T T 12
. Q
é 120 Subject 4 \ 410 §
3 Y 8 &
8 a0- PANNIN =
=2 ¥ / <3
o g / 16 o]
g E e60F =
o c —
T ~ -4 3
< 30+ =
g i
0 A . . . . g
0 60 120 180 240 300 360
Time {min)
o~ 140 T T T T T T 12 <
5% 0]
& © =0
g5 P 2=
% g 90""9”'5”‘3'6;%?{?'\"\'&0‘9—%&@« I = 8_
~ {8
40 1 1 1 1 1 1
0 60 120 180 240 300 360
Time (min)
C 100
~ Subject 2 e
5 O
= 750 11 g
8 ~ 3
5% oo %

] 17 o
T £ =
L £ 3
& 250 B =
= =
al 13

G0 6IO 150 1é0 2;10 360 3é0
Time (min)

175 12 ¢
£ @
= < =]
3 5 125 % M oo ] 1 %?
= [ e PR < / =0
SET VT T e 4 T 8

75 1 1 1 1 1 1
0 60 120 180 240 300 360

Time (min)
Fig. 1. Glucose (upper panels) and urea (lower panels) extraction
profiles in 3 subjects. -O- blood glucose (mM), -A- glucose extraction

flux (nmol - h™!), -@- blood urea (mM), -@- urea extraction flux
(nmol - h™")

(Sieg et al, submitted), meaning that J, .. /C,.. is greater
than J,/Cg,, and that K should be less than 1 (see Eq. 4).
Though the normalized urea fluxes (20.7 = 5.6 ul-h™!) also
showed some inter-individual variation (Table I), the coeffi-
cient of variation (27%) was reasonable.
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Table 1. Iontophoretic Glucose and Urea Extraction Fluxes Normalized to the Corresponding Blood Levels”

Blood glucose range Blood urea range

Normalized glucose flux

Normalized urea flux

Subject (mM) (mM) (ul-hh (ul-hh K + SD 2
1 4.4-9.6 5.0-6.3 11.8+0.9 17.6 £0.8 0.67 £ 0.04¢ 0.97
2 4.8-10.9 3.6-5.3 5.8+2.1° 26.1 +3.6" 0.34 + 0.05¢ 0.79
3 4.6-10.3 3.8-5.4 11.1+3.1 16.5+22 0.86 + 0.11¢ 0.88
4 4.4-8.3 4458 13615 165+1.1 0.63 + 0.09¢ 0.83
5 2.6-10.9 5.3-7.1 5.8+1.5° 159 +2.1 0.44 + 0.05¢ 0.89
6 3.7-7.6 5.0-6.2 4.6 +1.0° 28.5 +2.5° 0.16 = 0.04¢ 0.62
3B 4.7-9.3 3.8-5.0 6.5+1.1° 24.0 £2.7° 0.29 +0.07¢ 0.70

“The extraction constant K was determined from linear regression as shown in Fig. 2, and the goodness of fit is expressed with 2.

? Significantly different from the fluxes of subjects 1-3 (p < 0.001).
<4 Slopes are not significantly different from one another.

The apparent “bimodal” behavior with respect to glucose
electrotransport was reinforced when the urea and glucose
data were combined and analyzed by Eq. 3. Figure 3 plots the
ratio Jg;,/J against the corresponding ratio of the blood
concentrations, and suggests quite persuasively that the sub-
ject population is divided into two subsets. Statistically, three
of the seven regression slopes (i.e., the values of K given in
Table I) were significantly different from the other four (0.72
+ 0.12 vs. 0.31 £ 0.12). Inspection of Table I reveals that this
divergence originates primarily from the glucose data, rather
than from those for urea, the CV for the normalized glucose
fluxes being nearly twice that for urea. The effect is exacer-
bated by the fact that there is a weak inverse relationship
between the measured values of J,,.,/C and J;,/Cyjy-

urea

urea’ ~urea glu

Mechanism

Mechanistically, it was anticipated that the normalized
glucose and urea fluxes would be closely correlated given that
both molecules are moved across the skin by the same prin-
cipal mechanism, i.e., electroosmosis. The higher passive per-
meation of urea was expected to result in a value of K less
than 1 (Sieg ef al., submitted) but, given the relatively stable
values of J,../Cea this cannot account for the divergent
extraction coefficients observed. Equally, it seems unlikely
that the explanation lies in the potential interference of ci-
trulline in the urea assay. Although this substance is present
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Fig. 2. Normalized reverse iontophoretic extraction fluxes of glucose
in vivo (mean = SD) from this study ((J) and from a previous inves-
tigation (H). The subjects showing more efficient extraction (some-
what arbitrarily set at 8 wl - h™') have an average electroosmotic flow
of 10.7 (+ 1.6) ul- h™". For the less efficient group, the mean (= SD)
convective flow is 3.3 (+ 2.6) pl-h7".

in the epidermis as a part of the skin’s “natural moisturizing
factor” (15,16), this reservoir will have been substantially, if
not completely, depleted by the 2 h of iontophoresis (17),
which were performed before any measurements were made.
Rather, it appears that there are possibly a diverse range of
biochemical processes ongoing in living tissue (Fig. 4) that are
more likely to impact upon the amount of glucose extracted
(as, in fact, has been observed).

Tontophoretic extraction is thought to occur via two ma-
jor pathways, namely the appendageal (sweat glands, hair fol-
licles) and intercellular routes (18). In human skin, sweat
glands and hair follicles have been identified as important
low-resistance pathways (19); these structures are, at the same
time, highly metabolically active (20), and glucose serves as a
critical substrate for energy production in these and other
skin cells (21). It is possible, therefore, that a fraction of the
glucose being extracted through the skin by electroosmosis is
“conscripted” for metabolism and this would lead to a signifi-
cant reduction in the apparent normalized flux.

Additional physiologic factors that may interfere with
the iontophoretic sampling of analytes are also highlighted in
Fig. 4. As previously mentioned, skin reservoirs of glucose
(12) and urea exist but have not been quantified, and the
kinetics, with which these reservoirs can be emptied, have
only been studied empirically. Thus, despite the 2-h pre-
iontophoresis period, there is no certainty at the moment as to
whether the skin depot(s) has (have) been completely de-
pleted. Furthermore, the skin surface is another complicating
factor. For example, perspiration may leave an elevated

2 T T A1
v 2
3
5 o3
2 x 4
[0
g Tr 1 +5
- o 6
s 3B
0 1 2 3

[glul/[urea]

Fig. 3. Linear regressions of the ratio Jy/Jy.e, against the corre-
sponding ratio of their blood concentrations (Cy,/Cyea)- The slope of
each line corresponds to the value of K, as defined in Eq. 3.
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Receptor cell

Skin surface
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Viable skin

Interstitial «— [ oeal
skin fluid —» metabolism

1
v

Blood

Fig. 4. Schematic diagram of the reverse iontophoresis sampling pro-
cess. lontophoresis extracts substances from the interstitial skin fluid
(ISF) via the follicular (a) and the stratum corneum intercellular (b)
pathways by electroosmosis, electromigration, and enhanced passive
transport. Samples from capillary blood are used as references for
concentration in the assumption that blood and ISF levels equilibrate
relatively fast. ISF levels may also change as a consequence of local
metabolism. Furthermore, a skin reservoir may exist due to local
metabolism and distribution and/or SC differentiation. This depot,
whose magnitude is not necessarily related to the ISF levels, will also
be sampled by the application of iontophoresis. The skin surface may
also contribute to the extracted sample via, for example, perspiration,
microbial activity, or contamination from personal-care products. Fi-
nally, local metabolism and/or additional contamination may origi-
nate in skin appendages (including hair follicles and sweat glands).

amount of an analyte at the exit of the sweat gland (21,22);
contamination of the skin surface by personal care products is
also possible (23,24); and the skin microflora can be expected
to play a role as well (25) in terms of glucose consumption and
the apparent extraction rate of this analyte.

CONCLUSIONS

In summary, urea may prove to be a useful internal stan-
dard, in that its systemic concentration is quite stable and its
reverse iontophoretic extraction flux proved to be quite con-
stant (of course, this would probably not be the case for pa-
tients in severe renal failure who need to undergo regular
dialysis). The electrotransport of glucose, however, continued
to show inter-individual variability due to other factors that
remain to be fully characterized. We would submit, therefore,
that the real challenge for calibrating the reverse iontopho-
retic extraction of glucose via an internal standard is to un-
derstand and control the biochemical and metabolic processes
occurring on and within the skin that have the potential to
significantly perturb the outward movement of the analyte.
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