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7) ABSTRACT

The method for non-invasively determining the relative
levels of two substances present in a biological system
includes the steps of extracting by reverse iontophoresis
charged and uncharged substances from said biological
system, and collecting said substances, analysing the col-
lected amount of a first extracted substance and a second
extracted substance and determining the extraction ratio of
the first substance to the second substance to determine their
relative levels in the biological system. When the first and
second substances are both analytes susceptible to changes
in their concentration in the biological system, this method
provides information about the relative concentrations of the
two substances in the biological system. When the first
substance is an analyte susceptible to changes in its con-
centration in the biological system and the second substance
has a substantially constant concentration in the biological
system, the second subtance acts as an internal standard and
the extraction ratio becomes a direct measurement of the
physiological level of the first substance in the biological
system. A iontophoretic sampling device for monitoring the
relative levels of two substances present in a biological
system is also disclosed.
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| Figure 3

Comblned lontophoretic

Sampling of Glutamate and Valproate
[Valproate] =21 p™M 1o 104.5 pM

0.4 mA 1-5h
+
\ 0.1 mA 5-24h

Cathode (-) ‘Anode (+)

° ®

25 mM Hepes + 25 mM Hepes +
133 mM NaCl, 75 mM NaCl,
pH74 g pH7.4

ﬂt

e e’ Y T 0 N R S M0 100K e s s st e 255 ) s oS g

’% Full-thickness

pig ear skin

Glutamate (-)
Vdlproate ()

25 mM Hepes + 133 mM NaCl, pH 7.4
+ 60uM Glu + Valproate (21, 35, 70,

1045 M) + 14C Glutamate + 3H Valproate




Patent Application Publication Apr. 7,2005 Sheet 3 of 23 US 2005/0074810 A1

Figures 4a-b

Extraction fluxes of Valproate and Glutamate at § hours
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10° * transport number

10° * transport number

Figures S5a-b
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Valproate and glutamate transport numbers at 5 hours
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Figures 6a-b
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Figure 7

Combined lontophoretlc Sampling of Lactate,
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Figures 8a-b

Analyte extraction fluxes
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Figures 9a-b

Ammonium and lactate transport numbers
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Figures 10a-b

Extraction ratios of the analytes with respect to Na* and CI’
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Figure 11
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Figure 12
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Figures 14a-b
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10° « Ratio (mannitol/Na*) flux

10° « Ratio (mannitol/Na®) flux

Figures 15a-b
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Figure 16
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Figures 17a-b
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Figure 18
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Figure 19

Glucose and sodium fluxes
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Figures 22a-c
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Figure 23

Combined lontophoretic

Sampling of Ithium and sodium

0.4 mA 1-5h
Cathode (-) Anode (+)

25 mM Hepes + 25 mM He;;és +

10 mM KCl, 133 mM NaCl,

pH74. pH74

A
= - i S s G 2 O S o sl BN
L’FTIl[ 1]_1!1LLLIL'[_IllII[_lI11'. Full-thickness
pig ear skin

Lithlum (+)
Sodlum (+)
25 mM Hepes + 133 mM NaCl, pH 7.4
+ LiC1(0.45, 0.86,1.37 mM)




Patent Application Publication Apr. 7,2005 Sheet 21 of 23 US 2005/0074810 A1

Figures 24a-b
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Figures 25a-b
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METHOD FOR NON-INVASILVELY
DETERMINING THE RELATIVE LEVELS OF
TWO BIOLOGICAL SUBSTANCES

FIELD OF THE INVENTION

[0001] The present invention concerns in a general manner
a method for non-invasively determining the relative levels
of two substances present in a biological system.

[0002] More particularly, the present invention relates to a
method for determining the relative levels of two substances
present in a biological system, using the technique of reverse
iontophoresis, and to a iontophoretic sampling device for
monitoring the relative levels of two substances present in a
biological system.

DESCRIPTION OF THE RELATED ART

[0003] The detection and/or quantification of endogenous
substances is a key factor in establishing a medical diagno-
sis.

[0004] Similarly, the detection and/or quantification of
exogenous substances such as drugs, metabolites, and mark-
ers of therapeutic or toxic effect is a key factor to determine
if a medical treatment is appropriate.

[0005] However, detection and/or quantification of endog-
enous or eXogenous substances requires in a general manner
a prior invasive blood sampling with a needle, with the
consequences that pain may accompany the sampling pro-
cedure and there may be a risk of bacterial or viral infection
for both patient and sampler.

[0006] An example where sampling of an endogenous
substance is needed, at least several times a day for life time,
is in the case of patients having sugar diabetes.

[0007] For these patients, real time information concern-
ing the glucose levels in the body is most important infor-
mation in the patient’s treatment and in many cases, often a
question of life or death.

[0008] A non-invasive method known under the name of
iontophoresis has been used to achieve increased drug
delivery across the skin for many years, and more recently
it has been demonstrated that the symmetry of the procedure
also allows samples of circulating, biologically-important
ions and uncharged molecules dissolved in a biological fluid
to be withdrawn from the subcutaneous space to the skin
surface (a technique referred to generally as reverse ionto-
phoresis).

[0009] The technique of iontophoresis may be defined as
the enhanced transport of charged or uncharged molecules
across biomembranes, in particular skin, under the influence
of an electrical potential gradient.

[0010] The level of current necessary to enhance this
transport is painless.

[0011] This technique avoids the need to puncture the skin
and therefore reduces, tremendously, risks to both patient
and sampler.

[0012] Iontophoresis uses a iontophoretic device consist-
ing of a power supply and two electrode compartments.

[0013] These compartments hold an electrode and, typi-
cally, an electrolyte solution or conductive hydrogel.
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[0014] In the case of iontophoretic sampling, the electrode
compartments contain an appropriate receiving medium, for
example buffered saline, into which the analytes of interest
are collected.

[0015] The electrode compartments may also contain the
means with which to quantify the analyte(s) of interest in
situ, or the contents of the electrode compartment may be
removed at certain predetermined times for determination of
the analyte(s) in another apparatus.

[0016] Iontophoresis can be used successfully to with-
draw, at significantly elevated levels, both charged and
uncharged molecules from within and beneath the skin.

[0017] Tontophoretic transport through the skin involves
two principal mechanisms.

[0018] One, so called electromigration, concerns only
charged molecules and the other, so called electroosmosis or
convective flow, can involve the transport of both charged
and uncharged molecules.

[0019] The electromigrative transport is a direct conse-
quence of the interaction of the electric field with ions.

[0020] When the electric field is applied, the cations
contained in the anodal chamber are repelled from the anode
toward and through the skin and the endogenous or exog-
enous cations are attracted into the cathodal chamber.

[0021] Consequently, an endogenous or exogenous cation
will be collected into the cathodal chamber.

[0022] On the same principle, anions are repelled from the
cathodal chamber and driven into and through the skin and
the endogenous or exogenous anions are attracted into the
anodal chamber on the skin surface.

[0023] Consequently, endogenous or exogenous anions
will be collected into the anodal chamber.

[0024] The electroosmotic transport is based on the fact
that, at neutral pH, the skin is a negatively charged mem-
brane, and is therefore permselective to cations.

[0025] Tt follows that, on application of an electrical field,
more charge is carried across the skin by positive ions than
by negative ions.

[0026] This means that more momentum is transferred to
the solvent (i.e., water) in the direction of cation movement
so that uncharged molecules are convected along with the
flow of solvent at a rate which is, for many substances,
significantly greater than that possible by passive diffusion.

[0027] Consequently, an endogenous or exogenous
uncharged molecule will be collected into the cathodal
chamber. Electroosmotic transport can be particularly effi-
cient for water-soluble, polar (yet uncharged) substances, as
these compounds typically have very poor permeability
across the lipophilic (hydrophobic) skin barrier.

[0028] Further, the electroosmotic flow therefore assists
the sampling of cations while diminishing, to some extent,
the sampling of anions.

[0029] When the iontophoretic device is activated, an
electrical circuit is established.

[0030] The exterior part of the circuit involves electrons
travelling along the wire from the anode to the cathode via
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the power supply and the interior part of the circuit involves
the movement of ions from one electrode chamber to the
other via the skin and the physiological medium.

[0031] The number of electrons flowing in the exterior
part of the circuit determines the number of ions moving in
the interior part.

[0032] Hence, the flux of ions is directly proportional to
the total charge in Coulombs passed between the electrodes
from the power supply.

[0033] Itisknown that the extraction of a substance to the
skin surface by reverse iontophoresis is proportional to the
subcutaneous level of the substance.

[0034] Reverse iontophoresis per se is not selective so that
discrimination comes at the level of the extracted sample.

[0035] Thus, a multiplicity of species can be withdrawn by
iontophoresis and assayed specifically.

[0036] Based on these principles, U.S. Pat. No. 5,279,543,
US. Pat. No. 5,362,307 and U.S. Pat. No. 5,730,714,
disclose methods for non-invasively determining the level of
a substance present in a biological system.

[0037] These methods comprise, in a general manner,
contacting an anodal chamber and a cathodal chamber of an
iontophoresis device with a biological system; extracting by
reverse iontophoresis charged and uncharged substances
from the biological system, and collecting said extracted
substances into the anodal or cathodal chamber; analysing
the collected amount of one of the extracted substances; and
correlating the level of the analysed substance with a stan-
dard.

[0038] Based on these methods, U.S. Pat. No. 5,771,890,
U.S. Pat. No. 5,989,409 and U.S. Pat. No. 6,023,629 dis-
close particular methods for measuring the concentration of
a substance, in particular glucose, in a mammalian subject.

[0039] However, in these methods, the level of the analy-
sed substance is correlated with the level of the substance in
the blood of the patient, so that a blood sampling is required.

[0040] A number of devices for non-invasively determin-
ing the level of a substance present in a biological system
based on these methods have been disclosed, most of them
being provided for non-invasively monitoring glucose, as
for example the device commercialised by Cygnus, Inc. (
Redwood City, Calif., USA), under the name GlucoWatch®
Biographer.

[0041] However, these devices must be calibrated each
time they are started, and each calibration requires blood
sampling.

[0042] In view of the above, there is a need for a method
and for a device which does not require the comparison of
the level of the iontophoretically extracted substance with a
standard obtained from a blood sample and thus which
would allow the monitoring of the level of a substance in a
biological system without a calibration based on a blood
sampling.

[0043] A preliminary study to ascertain whether tissue
electrolytes may be determined by reverse iontophoresis was
disclosed by F. B. Benjamin, R. Kempen, A. G. Mulder and
A. C. Ivy. in Journal of Applied Physiology, vol. 6, pp.
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401-407, 1954 “Sodium-potassium ratio of human skin as
obtained by reverse iontophoresis”.

[0044]

[0045] In vivo, the situation of greatest interest, a metal
plate cathode was used, being inserted into a lithium nitrate
electrolyte solution (28.5 mEg/L) on the skin surface.

Experiments were performed in vivo and in vitro.

[0046] The area of contact between the cathode solution
and the skin was 4.5 cm®.

[0047] A current of 4 mA was passed for 5 minutes (and
sometimes longer) and during this time, the pH of the
lithium nitrate solution increased from 6.4 to 10.7, indicat-
ing hydrolysis of water at the cathode.

[0048]

[0049] After current passage, the concentrations of potas-
sium and sodium ions in the cathode chamber were typically
about 14 and 35 uEq/L, respectively.

[0050] The day of the measurement, the ambient tempera-
ture, the gender and age of the subject, and the site of
measurement on the body, did not affect significantly the
results obtained.

[0051] The sodium to potassium ratio in the extraction
solution was therefore about 2.5:1.

[0052] This ratio was compared to the relative composi-
tion of the ions in sweat (7.1:1), whole skin (6:1), epidermis
(0.6:1), interstitial fluid (29:1) and intracellular fluid
(0.03:1), and was clearly not consistent with any of these
environments.

[0053] Tt was noted, however, that the extracted ratio did
decrease in subjects receiving a low-sodium diet (to 2.0:1)
and that it could also be lowered (again to 2.0:1) by blocking
sweat secretion with atropine.

[0054] In neither case, though, did the ratio change to
reflect the relative composition of the ions in any tissue of
interest. Nor was any method provided that would allow the
extracted ratio of ions to be related consistently to their
relative composition in any tissue of interest.

[0055] In vitro, the extraction was performed with hyper-
tonic, isotonic and hypotonic saline solutions below the
excised skin obtained from a human cadaver.

[0056] The type of solution used influenced the extraction
results in the same way as when similar solutions were
injected intradermally in normal human subjects, in vivo.

[0057] Nevertheless, again, the ratio changes did not
reflect quantitatively the relative composition of the ions in
any tissue of interest. Nor was any method provided that
would allow the extracted ratio of Ions to be related con-
sistently to their relative composition in any tissue of
interest.

[0058] In summary, while this research purported to be
useful for monitoring disturbances in electrolyte balance in
patients, and speculated about the results being perhaps
correlated with those of metabolic and blood concentrations,
the results demonstrated in fact: (a) no agreement between
the extracted sodium to potassium ratio and that in any tissue
compartment of interest, and (b) no suggestion that either
ion, or any other electrolyte or endogenous substance, for

Skin damage was observed in some cases.
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that matter, might be used as an internal standard for
calibration-free, non-invasive biosensing by reverse ionto-
phoresis.

[0059] More recently, an attempt has been made to deter-
mine the concentration of lactic acid on the dermal side of
a iontophoretic cell by employing the flux ratio of lactic acid
and chloride ions (the chloride ion being a constant level
endogenous ion), as published by S. Numajiri, K Sugiba-
yashi and Y. Morimoto in “Journal of Pharmaceutical &
Biomedical Analysis Vol. 11, No. 10; pp 903-909, (1993)
(“Non-invasive sampling of lactic acid ions by iontophoresis
using chloride ion in the body as an internal standard”).

[0060] In this document, the results show that chloride ion
flux decreases with an increase in lactic concentration and
that the flux ratio of lactic acid/chloride ions is constant and
is independent of the electrical potential gradient thus mean-
ing that the transport number of lactic acid is dependent on
the transport number of chloride.

[0061] Since the flux ratio of lactic acid/chloride ions is
constant, the flux ratio of lactic acid/chloride lIons does not
provide a direct measure of the relative levels of these two
substances in the dermis side of the cell and further does not
provide a direct measure of the physiological level of lactic
acid in the dermis side of the cell.

[0062] Furthermore, in this document, two features of the
experimental procedure used render the feasibility of the
method at best questionable.

[0063] First, the level of current used to extract the ions of
interest across the skin was cither 2.1 mA/cm® or 3.2
mA/cm?, that is, more than 4 or 6 times, respectively, the
current density considered the maximum tolerable limit (0.5
mA/cm?) for iontophoresis in vivo, in humans.

[0064] Second, platinum electrodes were utilised in the
experiments reported.

[0065] It is well-established in the literature that the elec-
trochemistry at platinum electrodes causes hydrolysis of
water, liberating either hydronium cations or hydroxide
anions into the electrode solutions with a considerable risk,
therefore, of dramatic changes in pH.

[0066] Together with the high current densities used, as
well, a significant probability of skin irritation and/or burns
is evident from the procedure as described.

[0067] In addition, hydronium cations and hydroxide
anions are small and very mobile, and they are efficient
charge carriers in iontophoresis; their increasing presence in
the electrode solutions will compete effectively with the ions
of interest to carry charge across the skin, and will therefore
further change the transport numbers of chloride and lactic
acid ions, rendering useless the value of the method pro-
posed.

[0068] An object of the present invention is to propose a
method for determining the relative levels of two substances
present in a biological system by avoiding blood sampling
when only the relative concentration of two molecules is of
interest.

[0069] A further object of the present invention is to
propose a method wherein the relative levels of a first
extracted substance present in a biological system with
respect to a second extracted substance present in the
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biological system is a direct measure of the physiological
level of the first substance, thus avoiding a calibration based
on a blood sampling.

[0070] A still further object of the present invention is to
propose a device which allows the monitoring of the relative
levels of two substances present in a biological system
without a calibration based on a blood sampling.

[0071] A still further object of the present invention is to
propose a device which allows the monitoring of the physi-
ological level of a substance present in a biological system
without a calibration based on a blood sampling.

[0072] According to the present invention, these objects
have been achieved as a result of the unexpected findings
that when two substances extracted from a biological system
by reverse iontophoresis have independent respective trans-
port and/or transference numbers, the ratio of the respective
extracted amounts or the ratio of their flux is a direct
measure of the relative levels of the two substances in the
biological system.

SUMMARY OF THE INVENTION

[0073] According to one aspect, the present invention
concerns a method for non-invasively determining the rela-
tive levels of two substances present in a biological system,
said method comprising:

[0074] contacting an anodal chamber and a cathodal
chamber of an iontophoresis device comprising
reversible electrodes with a biological system;

[0075] extracting by reverse iontophoresis charged
and uncharged substances from said biological sys-
tem, and collecting said charged and uncharged
substances each independently into the anodal cham-
ber or the cathodal chamber;

[0076] analysing the collected amount of at least a
first extracted substance and a second extracted
substance; wherein said first and second substances
are selected in such a way that the transport and/or
transference number of the first substance is inde-
pendent of the transport and/or transference number
of the second substance;

[0077] subsequently, determining the extraction ratio
of the first substance to the second substance to
determine their relative levels in the biological sys-
tem.

[0078] According to the method of present invention,
when the first substance and the second substance are both
analytes susceptible to changes of their concentration in the
biological system, the determined extraction ratio provides
information about the relative concentrations of the two
substances in the biological system.

[0079] In this case, the ratio may be advantageously used
to establish a diagnostic of any physiological or pathological
condition, in which the ratio of two endogenous or exog-
enous analytes is of relevance, without requiring a blood
sampling.

[0080] Further, according to the method of the present
invention, when the first substance is an analyte susceptible
to changes in its concentration in the biological system and
the second substance has a substantially constant concen-
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tration in the biological system, the second substance acts as
an internal standard and the extraction ratio becomes a direct
measurement of the physiological level of the first substance
in the biological system.

[0081] In this case, the extraction ratio may be advanta-
geously used to establish a diagnostic of any physiological
or pathological condition, in which the physiological level
of the endogenous or exogenous analyte is of relevance,
without requiring a blood sampling.

[0082] According to a further aspect, the present invention
provides a iontophoretic sampling device for non-invasively
monitoring the relative levels of two substances present in a
biological system, said device comprising:

[0083]

[0084] a collection assembly comprising a first col-
lection chamber containing a first electroconductive
medium in contact with a first electrode and a second
collection chamber containing a second electrocon-
ductive medium in contact with a second electrode,
said first and second electrodes being reversible
electrodes and being each in contact with the elec-
trical power supply when the collection assembly is
inserted in the iontophoretic device,

[0085] a means for analysing two or more selected
charged and/or uncharged substances in either one or
both of the collection chambers in order to determine
their extracted amounts,

[0086] a means for converting the extracted amounts
of a first substance and a second substance to the
extraction ratio of the first substance to the second
substance, wherein said first and second substances
are selected in such a way that the transport and/or
transference number of the first substance is inde-
pendent of the transport and/or transference number
of the second substance.

an electrical power supply,

[0087] According to the iontophoretic sampling device of
the present invention, when the first substance and the
second substance are both analytes susceptible to changes in
their concentration in the biological system, the determined
extraction ratio provides information about the relative
concentrations of the two substances in the biological sys-
tem.

[0088] In this case, the extraction ratio may be advanta-
geously used to establish a diagnostic of any physiological
or pathological condition, in which the ratio of two endog-
enous or exogenous analytes is of relevance, without requir-
ing a blood sampling.

[0089] Further, according to the iontophoretic sampling
device of the present invention, when the first substance is
an analyte susceptible to changes in its concentration in the
biological system and the second substance has a substan-
tially constant concentration in the biological system, the
second substance acts as an internal standard and the extrac-
tion ratio provides a direct measurement of the physiological
level of the first substance in the biological system.

[0090] In this case, the extraction ratio may be advanta-
geously used to establish a diagnostic of any physiological
or pathological condition, in which the physiological level
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of the endogenous or exogenous analyte is of relevance,
without requiring a blood sampling.

[0091] Other advantages of the present invention will
appear in the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0092] FIG. 1 shows a schematic view of a known ion-
tophoretic device for use for in vivo sampling of charged or
uncharged substances.

[0093] FIG. 2 shows a schematic view of a known ion-
tophoretic device for the modeling in vitro of iontophoretic
sampling of charged or uncharged substances.

[0094] FIG. 3 represents a specifically-designed ionto-
phoresis cell used for the in vitro experiments reported in
Example 1.

[0095] FIGS. 4a-b represent the extraction fluxes of val-
proate and glutamate at 5 hours and 24 hours as obtained in
the in vitro experiments reported in Example 1.

[0096] FIGS. 5a-b represent the transport numbers of
valproate and glutamate at 5 hours and 24 hours as obtained
in the in vitro experiments reported in Example 1.

[0097] FIG. 6a shows the linear correlation obtained
between the extraction ratio (valproate/glutamate) and the
valproate concentration in the sub-dermal solution as
obtained in the in vitro experiments reported in Example 1.

[0098] FIG. 6b shows the linear correlation obtained
between the extraction ratio (valproate/glutamate) and their
molar ratio (valproate/glutamate) in the sub-dermal solution

as obtained in the in vitro experiments reported in Example
1.

[0099] FIG. 7 represents a specifically-designed ionto-
phoresis cell used for the in vitro experiments reported in
Example 2.

[0100] FIGS. 8a-b represent the extraction fluxes of lac-
tate, ammonium, potassium, sodium and chloride at the 3
hour and 5™ hour of the experiments reported in Example 2.

[0101] FIGS. 9a-b represent the transport numbers of the
two analytes of interest (lactate and ammonium) and of the
three internal standards considered (K*, Na*CI") as obtained
from the experiments reported in Example 2

[0102] FIGS. 10a-b represent the extraction ratio of the
couples of substances [a] (ammonium/sodium), [b] (ammo-
nium/potassium), [¢] (lactate/chloride), [d] (lactate/sodium),
[e] (lactate/potassium) and [f] (potassium/sodium] as
obtained from the experiments reported in Example 2.

[0103] FIG. 11 represents a specifically-designed ionto-
phoresis cell used for the in vitro experiments reported in
Example 3.

[0104] FIG. 12 represents the fluxes of mannitol and
sodium over the six hours of the experiments reported in
Example 3, first experiment.

[0105] FIG. 13 represents the correlation between the
iontophoretic extraction ratio of mannitol to sodium and
their sub-dermal concentration ratio over the six hours of the
experiments reported in Example 3, first experiment.
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[0106] FIGS. 14a-b represent the fluxes of mannitol and
sodium and the (mannitol/sodium) extraction flux ratio over
the 5 hours of the experiments reported in Example 3,
second experiment.

[0107] FIGS. 15a-b show the correlation between the
iontophoretic extraction ratio of mannitol to sodium and [a]
the mannitol sub-dermal concentration, and [b] the sub-
dermal concentration ratio (mannitol/sodium) over the
5-hour period of the experiments reported in Example 3,
second experiment.

[0108] FIG. 16 represents a specifically-designed ionto-
phoresis cell used for the in vitro experiments reported in
Example 4.

[0109] FIGS. 17a4-b show the fluxes of mannitol and
sodium and the (mannitol/sodium) extraction flux ratio over
the 6 hours of the experiments reported in Example 4.

[0110] FIG. 18 shows the correlation between the ionto-
phoretic extraction ratio of mannitol to sodium and the
mannitol sub-dermal concentration over the 6-hour period of
the experiments reported in Example 4.

[0111] FIG. 19 shows the fluxes of glucose and sodium
over the 6 hours of the experiment reported in Example 5.

[0112] FIG. 20 shows the (glucose/sodium) extraction
flux ratio over the 6 hours of the experiment reported in
Example 5.

[0113] FIGS. 21a-c show the fluxes of glucose, mannitol
and sodium during the 6-hour periods of Experiments A, B
and C, respectively, reported in Example 6.

[0114] FIG. 22a shows the correlation between (a) the
iontophoretic extraction ratio of glucose to sodium and the
glucose sub-dermal concentration, and (b) the iontophoretic
extraction ratio of mannitol to sodium and the mannitol
sub-dermal concentration, following 6 hours iontophoresis
at 0.5 mA/em?, as reported in Example 6.

[0115] FIG. 22b shows the correlation between (a) the
iontophoretic extraction ratio of glucose to sodium and the
sub-dermal concentration ratio (glucose/sodium), and (b) the
iontophoretic extraction ratio of mannitol to sodium and the
sub-dermal concentration ratio (mannitol/sodium), follow-
ing 6 hours iontophoresis at 0.5 mA/cm?, as reported in
Example 6.

[0116] FIG. 22¢ shows the correlation between the ion-
tophoretic extraction ratio of glucose to mannitol and the
sub-dermal concentration ratio (glucose/mannitol), follow-
ing 6 hours iontophoresis at 0.5 mA/cm®, as reported in
Example 6.

[0117] FIG. 23 represents a specifically-designed ionto-
phoresis cell used for the in vitro experiments reported in
Example 7

[0118] FIGS. 24a-b show (a) the extraction fluxes of
lithium and sodium and (b) the (lithium/sodium) extraction
flux ratios, over the 5 hours of experiment reported in
Example 7, for each sub-dermal lithium concentration con-
sidered.

[0119] FIGS. 25a-b show the correlation between the
iontophoretic extraction ratio of lithium to sodium and [a]
the lithium sub-dermal concentration, and [b] the sub-
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dermal concentration ratio (lithium/sodium) over the 5-hour
period of the experiment reported in Example 7.

[0120] FIG. 26 shows the simultaneous extraction of
glucose and sodium in vivo in a human being, and the
correlation with the concentration of glucose in the blood.

DETAILED DESCRIPTION OF THE
INVENTION

[0121] The present invention will now be described in a
more detailed manner, referring to FIGS. 1 and 2.

[0122] Formally, the method of the present invention may
be divided in three distinct phases including:

[0123] the extraction of charged and uncharged sub-
stances from a biological system by reverse ionto-
phoresis including collection of these substances;

[0124] the sclection of at least two collected sub-
stances to be analysed and the analysis of said
selected substances by using appropriate analytical
chemistry techniques, to determine their respective
extracted amounts;

[0125] the determination of the extraction ratio of the
two analysed substances, based on the analysis
results to evaluate their relative levels in the biologi-
cal system.

[0126] According to the method of the present invention
the first phase of extraction and collection of the extracted
substances includes the steps of

[0127] contacting an anodal chamber and a cathodal
chamber of an iontophoresis device comprising
reversible electrodes with a biological system;

[0128] extracting by reverse iontophoresis charged
and uncharged substances from said biological sys-
tem, and collecting said charged and uncharged
substances each independently into the anodal cham-
ber or the cathodal chamber.

[0129] A iontophoretic device which can be used in the
method of the present invention may be any conventional
iontophoretic device comprising a power supply connected
to an anodal chamber and to a cathodal chamber, wherein
said chambers contain each an appropriate receiving elec-
troconductive medium provided to collect the substances of
interest.

[0130] An example of a iontophoretic device which can be
used for the extraction and the collection of the substances
from a biological system according to the method of the
present invention comprises, as represented schematically in
FIG. 1, a first chamber 1 containing a first receiving
electroconductive medium 2 and a second chamber 3 con-
taining a second receiving electroconductive medium 4.

[0131] The receiving electroconductive media 2 and 4
may be each independently selected from a liquid, a gel, a
paste, a sponge, a ceramic or a combination thereof. A
negative electrode or cathode 5 is immersed in the first
receiving electroconductive medium 2 contained in the
chamber 1 so that the chamber 1 is referred to as cathodal
chamber 1.

[0132] A positive electrode or anode 6 is immersed in the
second receiving electroconductive medium 4 contained in
the chamber 3 so that the chamber 3 is referred to as anodal
chamber 3.
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[0133] The physical form of the electrodes (cylinder,
sphere, disk, mesh, screen-printed, etc.) is chosen for con-
venience and practicality.

[0134] The cathode 5 and the anode 6 are each connected
to a power supply 7 by wires.

[0135] The iontophoretic device used in the method of the
present invention comprises reversible electrodes in order to
avoid water hydrolysis.

[0136] More preferably, the iontophoretic device used in
the method of the present invention comprises Ag/AgCl
electrodes.

[0137] The anode and cathode electrode reactions are,
respectively:

anode: Ag® (s)+Cl~(aq)—~AgCl (s)+é
cathode: é+AgCl (s)—=Ag® (s)+Cl(aq)
[0138]

[0139] Should it prove advantageous, therefore, to alter-
nate the polarity of the electrodes during a reverse ionto-
phoresis extraction procedure (as is the case, for example, in
the GlucoWaich® Biographer of Cygnus, Inc.), the Ag/AgCl
electrodes are ideal.

[0140] The cathodal chamber 1 and the anodal chamber 3
are each in close contact with a biological system §.

[0141] The modeling in vitro of the extraction and collec-
tion of substances from a biological system according to the
method of the present invention may be performed for
example using the iontophoretic device represented sche-
matically in FIG. 2, which comprises, similarly to the
iontophoretic device represented in FIG. 1, a cathodal
chamber 1' containing a first receiving electroconductive
medium 2', an anodal chamber 3' containing a second
receiving electroconductive medium 4', a cathode §'
immersed in the receiving medium 2' contained in the
cathodal chamber 1', an anode 6' immersed in the receiving
medium 4' contained in the anodal chamber 3', and a power
supply 7' connected to both the cathode §' and the anode 6'.

[0142] However, to simulate the biological system, this
device, which will be referred to below as an in vitro
iontophoretic device, will comprise, instead of the biological
system, a container 9 containing an electroconductive donor
solution 10 such as a physiological buffer containing the
substances to be extracted, said container being closed in its
upper part by a piece of a mammalian skin 11.

and are exactly opposite to one another.

[0143] The container 9 may further comprise a circulation
system 12 of the donor solution 10 to maintain constant, or
to vary in a controlled fashion, the concentration of the
substances contained in the donor solution 10.

[0144] In this in vitro iontophoretic device, the cathodal
chamber 1' and the anodal chamber 3' are each in close
contact with the mammalian skin 11.

[0145] Such devices are for example disclosed in U.S. Pat.
No. 5,279,543, U.S. Pat. No. 5,362,307, U.S. Pat. No.
5,730,714, U.S. Pat. No. 6,059,736, U.S. Pat. No. 5,771,890,
U.S. Pat. No. 6,023,629.

[0146] Inthe method of the present invention, the cathodal
chamber 1 containing the first receiving electroconductive
medium 2 and the anodal chamber 3 containing the second
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receiving electroconductive medium 4 of the iontophoretic
device as represented in FIG. 1 are first contacted with the
biological system 8.

[0147] Preferably, the biological system is a human body
so that the cathodal chamber 1 and the anodal chamber 3 will
be 1n contact with skin or mucosal tissues.

[0148] Then a current is applied during a determined time
by means of the power supply 7 to establish an electric
circuit.

[0149] According to the present invention, the current
density may range from 0.01 to 1.00 mA/em?, depending on
the biological system.

[0150] Preferably, the current density should not be higher
than 0.5 mA/cm® when the biological system is a human
body, since levels higher than 0.5 mA/ecm® may cause
unpleasant sensation or pain.

[0151] A more preferred current density applied when the
biological system is a human body is about 0.3 mA/cm?. The
exterior part of the circuit involves electrons travelling along
the wire from the anode 5 to the cathode 6 via the power
supply 7 and the interior part of the circuit involves the
movement of ions from one electrode chamber to the other
via the biological system 8.

[0152] Thus, due to this circuit, cations move from the
anode 6 to the cathode 5 via the biological system 8 under
a mechanism of electromigrative transport assisted by elec-
troosmotic transport, anions move from the cathode 5 to the
anode 6 via the biological system 8 under a mechanism of
electromigrative transport, and counter to electroosmotic
flow, and uncharged molecules move in same direction as
the cations from the anode 6 to the cathode 5 via the
biological system 8 under electroosmotic transport.

[0153] As a consequence, cations are extracted from the
biological system 8 and are collected into the cathodal
chamber 1, anions are extracted from the biological system
8 and are collected into the anodal chamber 3, and uncharged
substances are extracted from the biological system 8 and
collected into the cathodal chamber 1.

[0154] An advantageous effect of extracting substances by
reverse iontophoresis is that the collected samples are free of
proteins and of various cellular or tissue debris because
proteins and various debris are blocked by the skin and
retained in the biological system.

[0155] Similarly, an in vitro iontophoretic device as rep-
resented by FIG. 2 may be used for modeling the extraction
and the collection of substances according to the method of
the present invention.

[0156] In this case, cations are extracted from the donor
solution 10 across the piece of mammalian skin 11 and are
collected into the cathodal chamber 1', anions are extracted
from the donor solution 10 via the piece of mammalian skin
11 and are collected into the anodal chamber 3', and
uncharged substances are extracted from the donor solution
10 across the piece of mammalian skin 11 and are collected
into the cathodal chamber 1'.

[0157] As iontophoresis per se is not selective, ionto-
phoretic extraction leads to the collection of a number of
different molecules including ions and uncharged molecules
dissolved in the biological system.
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[0158] After the first phase of extraction of charged and
uncharged substances from the biological system by reverse
iontophoresis and the collection of these extracted sub-
stances in the collection chambers 1 and 3; the method of the
present invention comprises the second phase of selection of
two extracted substances for which the extraction ratio is to
be determined, and the analysis of these two collected
substances using appropriate analytical chemistry tech-
niques including the use of specific biosensors and biosens-
ing methods to determine their respective extracted
amounts.

[0159] Since iontophoresis per se is not selective, dis-
crimination of the pair of substances for which the relative
levels in the biological system are to be determined is
achieved at the level of the analysis of the collected sub-
stances.

[0160] Accordingly, the second phase of the method of the
present invention comprises the step of analysing the col-
lected amount of a first extracted substance and of a second
extracted substance.

[0161] According to the present invention, an essential
feature is that the first and second substances must be
selected in such a way that the transport and/or transference
number of the first substance is independent of the transport
and/or transference number of the second substance.

[0162] In the present invention, the pair of substances
whose relative levels are to be determined is selected
depending on the desired objectives.

[0163] 1If only the relative concentration of the two sub-
stances in the biological system is of interest, the first
substance and the second substance may be selected to be
both susceptible to changes in their concentration.

[0164] In this case, the extraction ratio only provides
information about the relative systemic concentrations, not
about the respective “real” concentrations.

[0165] An advantageous use of such a selection may be for
example when the ratio between two molecules may give
indications of a pathologic state or a disease.

[0166] However, in a particularly preferred embodiment
of the invention, the first substance is selected to be a
substance of interest susceptible to changes in its concen-
tration in the biological system and the second substance is
selected to have a substantially constant concentration in the
biological system and consequently a substantially constant
iontophoretic extraction flux so that the extraction ratio
between the first substance and the second substance varies
essentially linearly with the concentration of the first sub-
stance.

[0167] In this case, the second substance acts as a physi-
ological internal standard and the extraction ratio becomes a
direct measurement of the physiological level of the first
substance (analyte) in the biological system.

[0168]

[0169] The iontophoretic flux of a substance included in a
ionic solution such as the physiological medium is propor-
tional to the concentration of that substance.

This may be explained as follows.

[0170] Tt follows that the iontophoretic flux of the internal
standard remains practically constant.
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[0171] On the other hand, the extraction of the analyte will
vary according to its concentration in the body.

[0172] Tt follows that the ratio of the extracted substances
should be proportional to their relative internal concentra-
tions.

[0173] This advantageous embodiment allows determina-
tion of the real concentration of the analyte in the biological
system while avoiding blood sampling, as illustrated below.

[0174] In a preferred embodiment, the first substance and
the second substance are collected in the same collection
chamber.

[0175] This preferred embodiment is achieved when the
first substance and the second substance are either two
anions, or two cations, or one neutral molecule and one
cation, or two neutral molecules.

[0176] For example, according to this preferred embodi-
ment, monitoring of the concentration of glucose, a neutral
molecule, as the analyte may be performed by using sodium,
a cation, as the physiological standard, thus avoiding the
sampling of blood several times a day for patients having
sugar diabetes.

[0177] However, in the case where the first substance is an
analyte and the second substance is an internal standard, and
that the analyte and the internal standard are an anion and a
cation, or an uncharged molecule and an aniomn, this pre-
ferred embodiment may be achieved by reversing the polar-
ity of the current applied.

[0178] However, it should be noted that reversing polarity
may be also used when the analyte and the internal standard
are either two anions, or two cations or one neutral molecule
and one cation.

[0179] As an example of an iontophoretic extraction
wherein polarity is reversed during the extraction procedure,
current is first applied as disclosed above during a first
determined time by means of the power supply 7 to establish
the electric circuit. As a consequence, cations are collected
into the cathodal chamber 1, anions are collected into the
anodal chamber 3, and uncharged substances are collected
into the cathodal chamber 1.

[0180] Then, the polarity is reversed and current is applied
during a second determined time to establish an inverted
electric circuit, wherein the electrode 5 becomes an anode,
and the electrode 6 becomes a cathode.

[0181] Thus, due to this inverted circuit, the cations move
from the electrode 3 to the electrode 6 via the biological
system 8, the anions move from the electrode 6 to the
electrode 5 via the biological system 8 and the uncharged
molecules move in same direction as the cations from the
electrode 5 to the electrode 6 via the biological system 8.

[0182] This means that due to this inversion of polarity,
cations are collected into the collection chamber 3, anions
are collected into the collection chamber 1, and uncharged
substances are collected into the collection chamber 3.

[0183] As a consequence, cations and uncharged mol-
ecules and then anions are collected sequentially into the
chamber 1, anions and then cations and uncharged mol-
ecules are collected sequentially into the chamber 3.
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[0184] Advantages to collect the analyte and the internal
standard in the same electrode chamber are to assure that the
extraction of the two substances (analyte and internal stan-
dard) occurs across exactly the same skin surface and to
obviate any problems associated with site-to-site differences
in the properties of the skin; and to allow all the electro- and
analytical chemistries necessary to be contained within the
one chamber.

[0185] Further, if reversing the polarity is used between
each iontophoresis/analysis cycle, then both electrode for-
mulations can be identical, facilitating the manufacturing/
assembly process; and similarly, with reversing polarity and
Ag/AgCl electrodes, there is no concern about build-up or
depletion of AgCl at the anode and cathode during the course
of the procedure.

[0186] Further, if continuous monitoring is not required,
and analysis is performed “off-line”, having both substances
collected into the same receiver simplifies subsequent pro-
cessing.

[0187] Analysis of both the selected substances is per-
formed using appropriate analytical techniques including
biosensing techniques to determine the amount of each
extracted selected substance.

[0188] For example, the means of analysing both selected
substances may involve specific enzymes, ion-selective
chemistry, measurement of conductivity and all other known
analytical chemistry techniques of sufficient specificity, sen-
sitivity and precision.

[0189] The third phase of the method according to the
present invention is to determine the relative levels of the
two selected analysed substances, based on the analysis
results.

[0190] The determination of the extraction ratio of the first
substance to the second substance may be made either by
calculating the ratio of the collected amount of the first
extracted substance in a predetermined period of time to the
collected amount of the second extracted substance in the
same predetermined period of time, in particular when the
first substance and the second substance are extracted simul-
taneously, or in any case, by first calculating the flux of the
first extracted substance and of the second substance, based
on the extracted amounts of the first substance and of the
second substance, respectively, and then by calculating the
ratio of the flux of the first extracted substance to the flux of
the second extracted substance.

[0191] Tt should be noted that, in the present invention,
since a number of substances are extracted due to the
non-selectivity of the iontophoretic extraction, more than
two substances may be analysed to determine their extracted
amount; thus, one iontophoretic extraction allows the deter-
mination of the extraction ratio of two substances for more
than one pair of extracted substances.

[0192] Thus, according to the present invention, if more
than two substances are analysed, multiple extraction ratios
may be determined.

[0193] In one embodiment, the ratio of the extracted
amounts or the ratio of the extracted fluxes of the first
substance A (Qa) and the second substance B (Qb) directly
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reflects their relative concentrations in the biological system

([AMB); ie.,
Qa/Qb=K-{[A}B]}

[0194]

[0195] This embodiment is advantageous when the ratio of
Ato B in the biological system is indicative, for example, of
the development of a particular pathological state. It follows
that a change in Qa/Qb directly reflects the same relative
change in the ratio [A][B] in the biological system.

(equation 1)

where K is a constant.

[0196] In a second embodiment, when substance B is
selected so that, in a population, [B] is invariant, a change
in Qa/Qb directly reflects the corresponding change in [A].

[0197] In other words,

Qa/Qb=K"[A] (equation 2)
[0198] where K'(=K([B]) is a constant.
[0199] This embodiment is advantageous when it is

known that a change in the value of [A] by a certain
percentage, up or down, poses a medical risk (e.g., a drug
level too low for effect or too high and potentially toxic), or
indicates a need for alternative therapeutic intervention.

[0200] In another embodiment, equations (1) and (2) are
particularly useful when substance B is selected so that, in
a population, [B] is invariant and can be considered con-
stant, and K (and hence K') is known.

[0201] In this case, the measured ratio Qa/Qb can be
directly converted into the concentration of A ([A]) in the
biological system, without the need to calibrate with a blood
sample.

[0202] Examples of couples of analyte/internal standard
which may be applied in the present invention are lithium/
potassium, lithium/sodium, lactate/chloride, lactate/sodium,
lactate/potassium,  glucose/sodium,  glucose/potassium,
ammonium/sodium, ammonium/potassium, potassium;/so-
dium, ethanol/sodium, ethanol/potassium, valproate/chlo-
ride, valproate/potassium, valproate/sodium, these examples
of course not being limited to these couples.

[0203] Certain examples below will show how substance
B may be sclected and how K (and hence K') may be
determined in order that this embodiment be practical.

[0204] The present invention also provides a iontophoretic
sampling device for non-invasively monitoring the relative
levels of two substances present in a biological system, this
device being conceived to provide information on the rela-
tive levels of two substances or preferably information on
the physiological level of one substance to a patient who
would wear the device at a convenient location, such as the
wrist.

[0205] The iontophoretic sampling device according the
present invention applies the method according to the
present invention so that the above description in relation
with the method may be considered in a general manner for
the device.

[0206] The iontophoretic sampling device according to the
present invention comprises, as for the iontophoretic device
represented schematically in FIG. 1, an electrical power
supply, a collection assembly comprising a first collection
chamber containing a first electroconductive medium in
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contact with a first electrode and a second collection cham-
ber containing a second electroconductive medium in con-
tact with a second electrode, said electrodes being reversible
electrodes, preferably silver/silver chloride electrodes, and
being each in contact with the electrical power supply when
the collection assembly is inserted in the iontophoretic
device.

[0207] Further, this device according to the present inven-
tion comprises a means for analysing automatically two or
more selected charged and/or uncharged substances in either
one or both of the collection chambers in order to determine
their extracted amounts.

[0208] For example, the means of analysing both the
selected substances may involve specific enzymes, ion-
selective chemistry, measurement of conductivity and all
other known analytical chemistry techniques of sufficient
specificity, sensitivity and precision.

[0209] Further, the device according the present invention
comprises a means for converting the extracted amounts of
a first substance and a second substance to the extraction
ratio of the first substance to the second substance, wherein
said first and second substances are selected in such a way
that the transport and/or transference number of the first
substance is independent of the transport and/or transference
number of the second substance.

[0210] According to an embodiment, the means for con-
verting the extracted amounts of a first substance and a
second substances to the extraction ratio of the first sub-
stance to the second substance is a programmable means
able to calculate the ratio of the collected amount of the first
extracted substance to the collected amount of the second
extracted substance.

[0211] In another embodiment, the means for converting
the extracted amounts of a first substance and a second
substance to the extraction ratio of the first substance to the
second substance is a programmable means able to first
calculate the fluxes of the first extracted substance and of the
second substance, based on the extracted amounts of the first
substance and of the second substance, respectively, and
then to calculate the ratio of the flux of the first extracted
substance to the flux of the second extracted substance.

[0212] Theiontophoretic sampling device according to the
present invention may be conceived to provide information
on the relative levels of the first substance to the second
substance when the first and second substances for which the
extraction ratio is to be determined are susceptible to
changes in their concentration in the biological system.

[0213] Further, the iontophoretic sampling device accord-
ing to the present invention may be conceived to provide
information on physiological concentration of the first sub-
stance when the first substance is susceptible to changes in
its concentration in the biological system and the second
substance has a substantially constant concentration in the
biological system, the physiological concentration of the
first substance being determined based upon the constant
physiological concentration of the second substance.

[0214] The iontophoretic device according to the present
invention may further comprise a means to reverse the
electrode polarity subsequent to each extraction/analysis
cycle.
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[0215] In a particularly preferred embodiment, the ionto-
phoretic sampling device according the present invention is
miniaturised to be worn on a person’s body.

[0216] Such a miniaturised form may be, for example,
conceived to be worn on the wrist by a patient.

[0217] Such a miniaturised device may be used for
example to monitor the physiological level of glucose
present in diabetic patient, without a calibration based on a
blood sampling, since the physiological concentration of the
glucose would be determined based upon the constant
physiological concentration of a second substance, for
example sodium ion, acting as an internal standard.

[0218] The invention will be now further explained in
more detail with the following Examples referring to FIGS.
3.25.

EXAMPLES

Example 1:

[0219] A series of in vitro experiments was performed in
specifically-designed iontophoresis diffusion cells (Labora-
tory Glass Apparatus, Berkeley, Calif., USA) as represented
in FIG. 3.

[0220] The sub-dermal (donor) solution was a pH 7.4
buffer (25 mM Hepes+133 mM NaCl) to which 60 uM
glutamate was added as an internal standard.

[0221] The analyte of interest was the anti-epileptic drug
valproate, which was included at 4 different concentrations:
21 uM, 35 uM, 70 uM and 104.5 uM.

[0222] To facilitate the analytical chemistry, the donor
solution was spiked with tritiated valproate and with *C-
labeled glutamate.

[0223] The anodal and cathodal chambers contacted the
outer surface of the skin and contained the receptor (collec-
tion) media, respectively, 75 mM NaCl+25 mM Hepes and
133 mM NaCl+25 mM Hepes (both buffered at pH 7.4).

[0224] Full-thickness pig-ear skin was clamped between
the two halves of the iontophoresis cell and each chamber
filled with the appropriate solution.

[0225] A schema of the experiment is shown in FIG. 3.

[0226] A current of 0.4 mA (0.5 mAjcm?) was passed
between silver-silver chloride, (Ag/AgCl) electrodes,
inserted into the anodal and cathodal chambers, for a total of
5 hours.

[0227] Every hour, the entire content of the anode solution
was withdrawn and the chamber refilled with fresh buffer.

[0228] The cathodal chamber was sampled only at the end
of 5 hours of current passage.

[0229] Subsequent to this first period of 5 hours at 0.4 mA,
a reduced current of 0.1 mA was passed for the next 19
hours, at the end of which both anodal and cathodal cham-
bers were sampled.
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[0230] The total experiment therefore lasted 24 hours.

[0231] All samples were analyzed for glutamate and val-
proate by liquid scintillation counting.

[0232] At least 6 replicates were performed for each
valproate concentration.

[0233] The results showed, as expected, that both val-
proate and glutamate (which are negatively charged) were
extracted at the anode.

[0234] Table I shows the extraction flux of both anions for
each sampling time and for each valproate concentration.

[0235] FIGS. 4a-b present the results measured at 5 and
24 hours.

[0236] Valproate extraction fluxes increased with concen-
tration, while the flux of glutamate remained the same for all
experiments and was independent of valproate concentra-
tion.

TABLE 1

10
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[0237] Table IT and FIGS. 5a-b show the transport num-
bers of valproate and glutamate calculated at the 4-5™ hours
of current passage (0.4 mA) and at the 5-24th hours (0.1
mA).

[0238] From cach individual cell, and at each sampling
point, the ratio [extracted valproate/extracted glutamate]
was obtained.

[0239] The means and standard deviations of these ratios
are collected in Table III.

[0240] FIG. 6a shows the lincar correlation between the
extraction ratio (valproate/glutamate) and the valproate con-
centration in the sub-dermal solution.

[0241] FIG. 6b shows the linear correlation between the
extracted ratio of the anions and their molar ratio (valproate/
glutamate) in the sub-dermal solution.

Extraction fluxes (pmoles - h™ - em™) of valproate and

glutamate for each sampling period. Glutamate concentration was always 60 #M.
The current was 0.4 mA during the first 5 hours and 0.1 mA during the next 19 hours.
Values are given as mean (+standard deviation).

[Valproate] = [Valproate] = [Valproate] = [Valproate] =
21 uM 35 uM 70 uM 104.5 M
Valproate Glutamate Valproate Glutamate Valproate Glutamate Valproate Glutamate
Time (h) flux flux flux flux flux flux flux flux
0-1 18 118 42 155 53 88 120 148
(£12) (x67) (£19) (+82) (£29) (x45) (£65) (x63)
1-2 50 308 113 367 185 267 313 361
(*17) (£118) (£32) (+87) (+83) (+103) (+100) (+71)
2-3 79 440 161 484 268 388 440 490
(£22) (110) (+40) (+83) (£99) (£94) (108) (+54)
34 92 479 202 571 342 494 531 566
(31) (£86) (£50) (x42) (£114) (£102) (£128) (£74)
4-5 112 570 220 588 369 524 600 599
(£30) (=77) (*47) (+49) (+1006) (+82) (108) (=77)
5-24 41 142 82 143 160 146 228 157
(4) (£23) (£17) (x16) (£25) (x24) (£33) (£23)
TABLE II

Transport numbers (x10°) of valproate and glutamate determined at each sampling period.

Time [Valproate] = 21 #4M [Valproate] = 35 M [ Valproate] = 70 4M [ Valproate] = 104.5 M
(h) Valproate Glutamate Valproate Glutamate Valproate Glutamate Valproate Glutamate
0-1 120079 789 =451 223547 104 =547 356196 592=3.03 8.04:437 992:420
12 338=«113 206792 7.60=214 246583 124=557 179688 21.0=x6.68 242=479
2-3 526148 295:738 108=x270 324=571 180x6.65 260£6.32 205:721 328 =360
34 615211 321577 135338 382:284 229x7.61 3312680 356=856 379 =498
4-5 748201 382519 148=x3.15 394£328 247709 351£552 402:722 401=516
524 109 =120 381624 220=x4.66 383x424 429674 392x645 61.0:881 422:622
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[0242]
TABLE III
Ratio of [valproate/glutamate] extraction fluxes as a function of time of sampling and
as a function of subdermal valproate concentration. Subdermal glutamate concentration
was always 60 #M. The current was 0.4 mA during the first 5 hours and 0.1 mA
during the next 19 hours. Subdermal V/G is the ratio of valproate to glutamate
concentrations in the donor, sub-dermal solution.
Values are mean = standard deviation.
[Valproate] = 20.98 uM [ Valproate] = 34.96 uM  [Valproate] = 69.93 uM [ Valproate] = 104.5 uM
Time (h)  Subdermal V/G = 0.35  Subdermal V/G = 0.58  Subdermal V/G =1.16  Subdermal V/G = 1.74
0-1 0.17 = 0.05 0.29 £ 0.08 0.59 +0.11 0.83 £0.25
1-2 0.17 £0.03 0.32 £0.09 0.68 £0.15 0.88 £ 0.25
2-3 0.18 £0.03 0.34 £ 0.09 0.68 +0.17 0.91 £0.23
34 0.19 £0.04 0.35£0.09 0.68 +0.17 0.94 £0.21
4-5 0.20 £ 0.06 0.37 £ 0.08 0.70 £ 0.17 1.01 £ 0.19
5-24 0.29 £ 0.04 0.58 £0.15 1.10 £ 0.12 1.46 £ 0.22
[0243] To illustrate how this technique would work in peutic window: the extraction ratio of 0.977, falls well

practice, consider some practical situations using the infor-
mation and relationships obtained from the experiments
described above.

[0244] Consider a patient taking valproic acid, whose
plasma glutamate concentration is 60 M, and on whom a
reverse iontophoretic procedure is performed.

[0245] Suppose that analysis of the extracted samples
indicate that 741 pmoles of glutamate and 724 pmoles of
valproate are extracted in 1 hour (4-5™ hours of exiraction).

[0246] The extracted ratio (valproate/glutamate) is 0.977.
[0247]

ways:

[0248] [a] Assume a therapeutic range for valproate
of 3-10 mg/L (or 21 to 69 uM) of the free drug.

Now this information could be used in different

[0249] Such values correspond to molar ratios (valproate/
glutamate) of 0.35 and 1.15 in the sub-dermal fluids.

[0250] According to our in vitro results (by substitution in
the regression equation obtained at 5 hours, FIGS. 6a-b), an
extraction ratio of 0.977 indicates that the valproate con-
centration systemically is 100 uM (FIG. 64), i.c., the sub-
dermal [valproate][glutamate] ratio is 1.67 (FIG. 6b).

[0251] We would conclude, therefore, that the valproate
plasma levels of this patient were too high and out of the
therapeutic range.

[0252] In fact, the values assumed for this hypothetical
patient correspond to one of our in vitro experiments with a
sub-dermal valproate concentration of 104.5 yM and a
[valproate}[glutamate] ratio of 1.74.

[0253] In other words, there is a good predictive value of
the equations developed.

[0254] [b] For the molar sub-dermal ratios of 0.35
and 1.15 (low and high limits of the therapeutic
window), iontophoresis extraction ratios of 0.21 and
0.68, respectively, can be deduced.

[0255] These are exactly the values predicted by the
regression equation in FIG. 6b and we can therefore trans-
late “real” plasma values, which delimit the therapeutic
range, into extracted iontophoretic ratios.

[0256] We can now conclude that the plasma levels of
valproate obtained from this patient are outside the thera-

beyond the limits of 0.21 and 0.68.

[0257] This second approach can also be used for any
situation in which the relative concentration of two markers
(of clinical, therapeutic, toxic effect, ctc.) is of relevance and
interest.

[0258] It is important to note that the data of the example
above correspond to one of the in vitro replicates in which
the donor valproate concentration was held at 104.5 uM.

[0259] On the other hand, the regression equations used
for the calculation were derived from many experiments
performed with pig ear skin obtained from several different
donors.

[0260] This supports our hypothesis that inter and intra-
individual variability affects glutamate and valproate extrac-
tion in the same way.

[0261] It is further important to reiterate that FIGS. 6a-b
demonstrate the determination of the constants K and K'
necessary to calculate an absolute concentration of an ana-
lyte in the biological system from the extracted ratio of the
analyte to the chosen internal standard.

[0262] In this example, the chosen analyte (A) is val-
proate, while the internal standard (B) is glutamate.

[0263]
Qval/Qglu=K [vall/| glu]

[0264] K is the slope of the graph in FIG, 6b; that is,
following a short (5-hour) period of iontophoresis at 0.5
mA/em?, K=0.57.

[0265] On the other hand, following a longer (19-hour)
period of jontophoresis at 0.1 mA/ecm?, K=0.83.

According to Equation 1, therefore,

[0266] Similarly, according to Equation 2,
Qval/Qglu=K".[val]
[0267] XK' is the slope of the graph in FIG. 6a and is equal

to K divided by the fixed glutamate concentration (60 M)
in the biological system.

[0268] Following a short (5-hour) period of iontophoresis
at 0.5 mA/em?®, K'=0.0096

[0269] On the other hand, following a longer (19-hour)
period of jontophoresis at 0.1 mA/em?, K'=0.0138.
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[0270] It follows that, once the value of K' has been
established for a particular pair of substances, and given that
the concentration of the internal standard ([B]) in the bio-
logical system is constant, then Equation 2 can be used to
determine the concentration of the analyte of interest ([A])
directly from the iontophoretic extraction ratio Qa/Qb.

Example 2

[0271] Experiments were performed in specially-designed
iontophoresis diffusion cells (Laboratory Glass Apparatus,
Berkeley, Calif., USA) as represented in FIG. 7.

[0272] The sub-dermal (donor) solution was a pH 7.4
buffer (25 mM Tris+34 mM Mops+130 mM NaCl+4 mM
KCl), in which potassium, sodium and chloride ions acted as
the internal standards.

[0273] The two analytes of interest were lactate (nega-
tively charged) and ammonium (positively charged).

[0274] In a first experiment, lactate and ammonium con-
centrations sub-dermally were 1.74 mM and 1.56 mM.
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[0281] Every hour, the entire anode and cathode solutions
were withdrawn and the chambers were refilled with fresh
buffer.

[0282] All the samples were analyzed for lactate, ammo-
nium, potassium, sodium and chloride.

[0283] As expected, the positively-charged ammonium,
potassium and sodium cations were collected at the cathodal
(negative) electrode, while the negatively-charged lactate
and chloride anions were collected at the positive electrode
(anode).

[0284] Table IV and FIGS. 8a-b show the extraction
fluxes for these 5 species at the 3™ and 5™ hours of the
experiment.

[0285] Lactate and ammonium fluxes changed in propor-
tion with their sub-dermal concentrations while the fluxes of
potassium, chloride and sodium remained essentially con-
stant.

TABLE IV

Extraction fluxes for Na*, K* and ammonium® at the
cathode and for lactate™ and chloride™ at the anode.

Values are mean + standard deviation.

Ammonium  Lactate K Na* cl-
(nmoles - (nmoles - (nmoles - (nmoles - (nmoles -
Analyte concentrations®  Time (h) h™'-em™) h™-em™®) h?-em™) h™' em™) h7' - cm™)
[lactate] = 1.74 mM 3 260 =17 113+ 15 760 £ 90 12960 + 1530 9430 =0
[ammonium] = 1.56 mM 5 275 5§ 107 £13 780 + 10 13790 +210 7850 = 830
[lactate] = 0.73 mM 3 145 £ 18 45 £ 8 900 £ 27 13620 +218 5510 = 1150
[ammonium] = 0.78 mM 5 140 = 11 43 +10 820 +21 12460 1540 7670 + 1480

4Sub-dermal concentrations of K*, Na* and Cl~ were always 4 mM, 133 mM and 137 mM respectively.

[0275] In a second experiment, lactate and ammonium
concentrations were 0.73 mM and 0.78 mM.

[0276] The anodal and cathodal chambers contacted the
outer surface of the skin and contained the receptor (collec-
tion) media, respectively, 80 mM Tris/TrisHCI and 25 mM
Tris+34 mM Mops (both buffered to pH 7.4).

[0277]
the two halves of the iontophoresis cell and each chamber
was filled with the appropriate solution.

Dermatomed pig-ear skin was clamped between

[0278]

A schema of the experiment is shown in FIG. 7.

[0279]
solution which was perfused continuously at 2-3 mL/hour by

The sub-dermal chamber was filled with the “donor

means of a peristaltic pump.

[0280] A current of 0.4 mA (0.5 mA/cm?) was passed for
a total of 5 hours between the Ag/AgCl electrodes which
were inserted into the anodal and cathodal chambers.

[0286] Table V and FIGS. 9a-b present the transport
numbers of the two analytes of interest (lactate and ammo-
nium) and of the three internal standards (K*, Na* and CI7)
considered.

[0287] For each individual cell and at each sampling time
the following ratios of extracted ions were determined: [a]
(ammonium/sodium), [b] (ammonium/ potassium), [¢] (lac-
tate/chloride), [d] (lactate/sodium), [e] (lactate/potassium),
and [f] (potassium/sodium).

[0288] The means and standard deviations of these ratios
are shown in Table VI and FIGS. 10a-b.

[0289] These values in turn can be used to determine K
and K' for each analyte/internal standard couple, as
described in the preceding example.

[0290]

[0291] Values of K' can be obtained simply by dividing K
by the appropriate concentration in the biological system of
the applicable internal standard.

The values of K are in Table VII below.
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TABLE V
Deduced analyte and internal standard transport numbers (x100).
Values are mean + standard deviation.
Analyte concentrations Time (h) Ammonium Lactate K* Na* Cl~
[lactate] = 1.74 mM 3 136 £ 0.09 0.59 +0.08 399 +0.45 67.72 =798  57.68 = 0.00
[ammonium] = 1.56 mM 5 144 £+ 0.03 056 £0.07 406+0.05 7207 £107 50.69 =536
[lactate] = 0.73 mM 3 0.76 +0.09 0.24 £0.04 472140 7117 +11.40 38.40 +8.04
[ammonium] = 0.78 mM 5 0.73+0.06 023 +0.05 426=+1.08 6514 =807 52.47=+1012
[0292]
TABLE VI
Extracted flux ratios (x10%) of analytes and internal standards. Values are mean = standard deviation.
Time
Analyte concentrations b NH,*/Na* NH,*/K* Lactate/Na" Lactate”/K* Lactate”/Cl~ K*/Na*
Subdermal Ratio (-10%) 11.7 390 13.1 435 12.6 30
[lactate] = 1.74 mM 3 2011 342+16 8701 149 £ 33 12216 59+03
[ammonium] = 1.56 mM 5 2001 35411 7.8 £ 1.1 138 £15 14 £32 56 £ 1.6
Subdermal Ratio (-10%) 5.8 195 5.4 181 52 30
[lactate] = 0.73 mM 3 11+1.0 166+24 33=x06 52 £16 7810 66+95
[ammomium] = 0.78 mM 5 11+£08 178+£29 35zx09 55 +£19 60 £28 65 = 8.7
[0293]
TABLE VII

Values of K determined for each analyte/internal standard couple from the data in Table VL

Analyte concentrations Time (h) NH,*/Na* NH,*/K*  Lactate/Na* Lactate/K* Lactate/CI-  K'/Na*
Subdermal Ratio (-107) 11.7 390 13.1 435 12.6 30

[lactate] = 1.74 mM 3 171 +0.09 0.88+0.04 066001 034+£001 095+013 197=+001

[ammonium] = 1.56 mM 5 171 +0.01 091+0.03 060+008 032+£003 111025 187=+005
Subdermal Ratio (-10%) 58 195 5.4 181 52 30

[lactate] = 0.73 mM 3 190 +0.09 0.85+012 061+011 029+009 150019 220=+032

[ammomium] = 0.78 mM 5 190 +0.14 091+015 065017 030+010 1.15+054 217=+029

[0294] Tt is clear that the data obtained in these experi- [0299] This may be important when assay methods inter-

ments may be used as described in the first example to
estimate whether the sub-dermal concentration of the ana-
Iyte of interest falls within or outside an acceptable limit.

[0295] The use of more than one internal standard dem-
onstrates the generality of the approach and offers a means
to improve the precision, safety and accuracy of the method.

[0296] The consistency of the extraction ratio of internal
standards acts as a further safety check, in that it permits the
constancy of their sub-dermal levels (which is an assumed
requirement) to be verified simply.

[0297] We also note that, despite the fact that lactate and
Na™* are collected at opposite electrodes, their extraction flux
ratio is also a reflection of, and proportional to, the ratio of
their sub-dermal concentrations.

[0298] This indicates that it is not always necessary to use,
as an internal standard, a species which is extracted to the
same electrode as the analyte of interest.

fere with one another, for example.

[0300] Lastly, the data in this example demonstrate that
multiple analytes may be extracted and detected in a single
reverse iontophoresis procedure and that the transport of
each can be referenced to that of an appropriate “internal
standard”.

Example 3

[0301] Dermatomed pig-ear skin was clamped between
the two halves of side-by-side diffusion cells (area=0.78
cm?) as represented in FIG. 11.

[0302] The anode was placed in the sub-dermal, “donor”
chamber, which contained a physiological pH 7.4 buffer (25
mM Tris/TrisHC1+133 mM NaCl) to which the analyte
mannitol was added.

[0303] Mannitol is a non-metabolizable sugar with prop-
erties (including molecular weight and lipophilicity) very
similar to glucose.
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[0304] In afirst experiment, mannitol concentration was 5
mM for the first three hours of experiment and was then
increased to 10 mM for a subsequent period of three hours.

[0305] To facilitate the analytical chemistry, the donor
solutions were spiked with **C-labeled mannitol.

[0306]

[0307] The cathodal (collection) chamber, which con-
tacted the outer surface of the skin contained a 25 mM
Tris/TrisHCI buffer at pH 7.4.

[0308]

[0309] A current of 0.4 mA (0.5 mA/cm®) was passed
between the Ag/AgCl electrodes for a total of 6 hours.

[0310] During the first 3-hour period, the entire content of
the cathode solution was withdrawn every 60 minutes and
the chamber was refilled with fresh buffer.

[0311] During the second 3-hour period, the 5 mM man-
nitol donor solution was replaced with 10 mM mannitol, and
the cathodal chamber was then sampled every 30 minutes.

[0312] Mannitol and sodium ions in each sample were
quantified by liquid scintillation counting and by an ion
specific electrode, respectively.

[0313] FIG. 12 and Table VIII show the fluxes of mannitol
and sodium over the six hours of experiment.

[0314] The data show that the mannitol flux changed
abruptly when its concentration in the sub-dermal solution
was increased from 5 to 10 mM.

[0315] On the other hand, the sodium flux reached a
constant value that remained invariable over the entire
course of the experiment.

[0316] FIG. 13 and Table VIII show the correlation
between the iontophoretic extraction ratio of mannitol to
sodium and their sub-dermal concentration ratio over the
six-hours period of the experiment.

Sodium ion was the chosen internal standard.

A schema of the experiment is shown in FIG. 11.

TABLE VIII

[0317] In asecond experiment, performed under identical
conditions to the first (see FIG. 11), mannitol concentration
was 5 mM for the first three hours of experiment, it was then
reduced to 3 mM for a subsequent period of one hour and
then increased to 10 mM for a subsequent period of one
hour.

[0318]

Sodium ion was again the chosen internal standard.

[0319] A current of 0.4 mA (0.5 mAjcm®) was passed
between the Ag/AgCl electrodes for a total of 5 hours.

[0320]
the cathode solution was withdrawn every 60 minutes and
the chamber was refilled with fresh buffer.

During the first 3-hour period, the entire content of

[0321]
nitol donor solution was replaced with 3 mM mannitol, and
the cathodal chamber was then sampled every 30 minutes.

During the second 1-hour period, the 5 mM man-

[0322]

donor solution was replaced with 10 mM mannitol, and the

During the third 1-hour period, the 3 mM mannitol

cathodal chamber was then sampled every 30 minutes.

[0323]
again quantified by liquid scintillation counting and by an

Mannitol and sodium ions in each sample were

ion specific electrode, respectively.

[0324] FIGS. 14g-b and Table IX show the fluxes of
mannitol and sodium and also the (mannitol/sodium) extrac-
tion flux ratio over the 5 hours of experiment.

Extraction fluxes and extracted flux ratios (x10%) for

mannitol and Na*. Values are mean + standard deviation.

Subdermal Mannitol flux ~ Sodium* flux Extracted

[Mannitol] [mannitol/Na*] (nmol - (pmol - (mannitol/Na*)

Time (min) (mM) (x10°) ratio h™ - em™) h™ - em™) flux (x10%) ratio
60 5 37.6 133+ 76 79 £0.5 1.7+£08
120 21.0 =47 9.7+0.6 22+03
180 252 +43 10.1 £0.4 25+03
210 10 75.2 522+ 44 10.3 0.5 5.0+0.2
240 53277 10.4 £0.6 5105
270 541 +68 103 £0.4 5205
300 581 +45 10.6 £ 0.3 55+03
330 60.9 £ 6.8 10703 57+04
360 63262 10.5 £ 0.6 6.0+03
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TABLE IX

Extraction fluxes and extracted ftux ratios (x10%) for mannitol
and Na*. Values are mean * standard deviation.

Subdermal Mamnitol flux ~ Sedium™* flux Extracted

[Mannitol] [mannitol/Na*] (nmol - (emol - (mannitol/Na*)

Time (min)  (mM) (x10%) ratio h - em™) h™-em™)  flux (x10°) ratio
60 5 37.6 135+ 41 8.8 £0.7 152+04
120 258 = 48 102 £0.7 25=+03
180 278 £ 44 10.4 £0.7 2703
210 3 225 16.6 £ 3.2 109 £0.7 1.5+02
240 141 £ 2.8 9.7+05 15«05
270 10 752 49.6 = 8.4 9.4 £0.6 5205
300 48.1 £ 87 9.3+04 5207

[0325] The data show that the mannitol flux nearly halved 1.4x13 indicates that the mannitol concentration systemi-

when its concentration in the sub-dermal solution was
decreased from 5 to 3 mM and then increased abruptly when
the sub-dermal solution was increased from 3 to 10 mM.

[0326] On the other hand, the sodium flux reached a
constant value that remained invariable over the entire
course of the experiment.

[0327] FIGS. 15a-b show the correlation between the
iontophoretic extraction ratio of mannitol to sodium and [a]
the mannitol sub-dermal concentration, and [b] the sub-
dermal concentration ratio (mannitol/sodium) over the
S5-hour period of the experiment.

[0328] The two experiments in this example clearly show
that the reverse iontophoretic extraction of a neutral mol-
ecule (mannitol) by electroosmosis can be “calibrated” by
the use of an ionic internal standard (Na*) which moves
across the skin by electromigration.

[0329] The molecular similarity between mannitol and
glucose implies that the same approach can be used for
glucose monitoring, as will demonstrated in a subsequent
example.

[0330] To illustrate how this technique would work in
practice, consider some practical situations using the infor-
mation and relationships obtained from the experiments
described above.

[0331] Consider a hypothetical patient, whose NaCl con-
centration in plasma is 133 mM, on whom a reverse ionto-
phoretic procedure is performed.

[0332] Suppose that analysis of the extracted samples
indicates that 14.26 nmoles of mannitol and 10.14 gmoles of
sodium are extracted across 1 cm® of skin in 1 hour.

[0333] The extracted ratio (mannitol/sodium) is 1.4x107>.
[0334]

ways:

[0335] [a] Assume, in this hypothetical patient, that
the “normal” concentration range of mannitol is
80-100 mg/dL (or 4.4 to 5.5 mM).

Now this information could be used in different

[0336] Such values correspond to molar ratios (mannitol/
sodium) of 33x107> and 41x107> in the sub-dermal fluids,
assuming a constant sodium concentration of 133 mM.

[0337] According to our in vitro results (by substitution in
the regression equation of FIG. 15a), an extraction ratio of

cally is 2.8 mM, i.e., the sub-dermal [mannitol][sodium]
ratio is 20.7x107° (FIG. 15b).

[0338] We would conclude, therefore, that the mannitol
plasma levels of this patient were too low.

[0339] In fact, the values assumed for this hypothetical
patient correspond to one of our in vitro experiments with a
sub-dermal mannitol concentration of 3 mM and a [manni-
tol]{sodium] ratio of 22.5x1073.

[0340] In other words, there is a good predictive value of
the equations developed.

[0341] [b] For the molar sub-dermal ratios of 33x10°
and 41x10 (low and high limits of the “hypotheti-
cal” normal range of mannitol), iontophoresis extrac-
tion ratios of 2.26x10™ and 2.82x107>, respectively,
can be deduced.

[0342] These are exactly the values predicted by the
regression equation in FIG. 15b and we can therefore
translate “real” plasma values, which delimit the acceptable
range, into extracted iontophoretic ratios.

[0343] We can now conclude that the plasma levels of
mannitol obtained from this patient are outside the normal
range: the extraction ratio of 1.4x107>, falls well beyond the
limits of 2.26x107> and 2.82x107>.

[0344] Ttis further important to reiterate that FIGS. 15a-b
demonstrate the determination of the constants K and K'
necessary to calculate an absolute concentration of an ana-
lyte in the biological system from the extracted ratio of the
analyte to the chosen internal standard.

[0345] Inthisexample, the chosen analyte (A) is mannitol,

while the internal standard (B) is Na*.

[0346]
Omann/ONa*=K.[mann][Na*]

[0347] K can be read from the slope of the graph in FIG.

15b; that is, following periods of iontophoresis of between
3 and 5 hours at 0.5 mA/cm?, K=0.07.

According to Equation 1, therefore,

[0348] Similarly, according to Equation 2,
Qmann/QNa*=K"[mann|
[0349] K'can be read from the slope of the graph in FIG.

154 and is equal to K divided by the fixed Na* concentration
(133 mM) in the biological system.

[0350] Following periods of iontophoresis of between 3
and 5 hours at 0.5 mA/cm?, K'=0.525x107>,
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[0351] It follows that, once the value of K' has been
established for a particular pair of substances, and given that
the concentration of the internal standard ([B]) in the bio-
logical system is constant, then Equation 2 can be used to
determine the concentration of the analyte of interest ([A])
directly from the iontophoretic extraction ratio Qa/Qb.

Example 4

[0352] Dermatomed pig-ear skin was clamped between
the two halves of side-by-side diffusion cells (area=0.78
cm®).

[0353] The anode was placed in the sub-dermal, “donor”
chamber, which contained a physiological pH 7.4 buffer (25
mM Tris/TrisHCl+4 mM KCI).

[0354] The analyte of interest was mannitol and sodium
ion was the chosen internal standard.

[0355] Both the concentration of the analyte of interest
and the internal standard were modified during the experi-
ment.

[0356] Sodium and mannitol concentrations were 133 and
5 mM, respectively, for the first three hours.

[0357] Then, sodium and mannitol concentrations were
changed to 125 and 10 mM, respectively, for a subsequent
period of one hour.

[0358] Then, sodium and mannitol concentrations were
changed to 145 and 3 mM, respectively, for a subsequent
period of one hour.

[0359] Finally, sodium and mannitol concentrations were
changed to 133 and 5 mM, respectively, for the last hour of
the experiment.

[0360] The range of sodium concentrations chosen corre-
sponds to that which can occur normally in human subjects.

[0361] In other words, there will almost always be some
slight variation in the concentration of an internal standard
in the biological system.
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[0362] The objective of this experiment was to test, there-
fore, whether such typical variability would impact signifi-
cantly on the results deduced from a reverse iontophoresis
procedure based on the invention disclosed.

[0363] To facilitate the analytical chemistry, the donor
solutions were spiked with **C-labeled mannitol.

[0364] The cathodal (collection) chamber, which con-
tacted the outer surface of the skin, contained a 25 mM
Tris/TrisHCI buffer at pH 7.4.

[0365]

A schema of the experiment is shown in FIG. 16.

[0366] A current of 0.4 mA (0.5 mAjcm®) was passed
between the Ag/AgCl electrodes for a total of 6 hours.

[0367] During the first 3-hour period, the entire content of
the cathode solution was withdrawn every 60 minutes and
the chamber was refilled with fresh buffer.

[0368] During the second 1-hour period, the 5 mM man-
nitol/133 mM NaCl donor solution was replaced with 10
mM mannitol/125 mM NaCl, and the cathodal chamber was
then sampled every 30 minutes.

[0369] During the third 1-hour period, the donor solution
was replaced with 3 mM mannitol/ 145 mM NaCl, and the
cathodal chamber was then sampled every 30 minutes.

[0370] During the final 1-hour period, the donor solution
was replaced with 5 mM mannitol/ 133 mM NaCl, and the
cathodal chamber was then sampled every 30 minutes.

[0371] Mannitol and sodium ions in each sample were
quantified by liquid scintillation counting and by an ion
specific electrode, respectively.

[0372] FIGS. 17a-b and Table X show the extraction
fluxes and also the (mannitol/sodium) extraction flux ratio
over the 6 hours of experiment.

TABLE X

Extraction fluxes and extracted flux ratios (x10%) for mannitol

and Na*. Values are mean + standard deviation.

Subdermal Mannitol flux ~ Sodium* flux Extracted

[Mannitol][Na*] [mannitol/Na*] (nmol - (umol - (mannitol/Na*)

Time (min) (mM) (x10°) ratio h™ - em™) h™-em™)  flux (x10°) ratio
60 5/133 37.6 9.7+15 8.4 08 12+02
120 220 1.6 107 £ 0.4 21«01
180 28.8 1.3 11.0 £ 0.3 2.6 £0.1
240 10/125 80 577+ 42 11.7+ 0.3 5.0+04
240 5§22 £33 109 £ 0.8 49 0.5
270 3/145 20.7 15.9 £ 0.7 104 0.5 1.6 +0.1
300 153 +0.7 10.7 £ 04 14 0.1
330 5/133 37.6 29.0 £ 0.8 112+1.2 27«01
360 29.3 0.6 114 +0.3 2.6 £0.1
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[0373] FIG. 18 shows the correlation between the ionto-
phoretic extraction ratio of mannitol to sodium and the
mannitol sub-dermal concentration over the 6-hour period of
the experiment.

[0374] This example clearly shows that the reverse ionto-
phoretic extraction of a neutral molecule (mannitol) by
electroosmosis can be “calibrated” by the use of an ionic
internal standard (Na®) which moves across the skin by
electromigration.

[0375] The molecular similarity between mannitol and
glucose implies that the same observations made here would
be equally applicable for glucose monitoring, as will dem-
onstrated in a subsequent example.

[0376] Furthermore, this example shows that the method
is not undermined by typical variations in the concentration
(in the biological system) of the internal standard, in this
case sodium ions.

[0377] To illustrate how this technique would work in
practice, consider some practical situations using the infor-
mation and relationships obtained from the experiments
described above.

[0378] Consider a hypothetical patient on whom a reverse
iontophoretic procedure is performed.

[0379] Suppose that analysis of the extracted samples
indicates that 58 nmoles of mannitol and 11.7 umoles of
sodium are extracted across 1 cm? of skin in 1 hour.

[0380]

3.

The extracted ratio (mannitol/sodium) is 4.97x10~

[0381] Now this information could be used as follows:

[0382] [a] Assume, in this hypothetical patient, that
the “normal” range for mannitol of 80-100 mg/dL (or
4.4 to 5.5 mM) and that the patient’s sodium con-
centration may vary in the interval 125-145 mM.

[0383] Thus, in this case, constant levels of the internal
standard are not assumed.

[0384] According to our in vitro results (by substitution in
the regression equation of FIG. 18a) an extraction ratio of
4.97x107 indicates that the mannitol concentration systemi-
cally is 10 mM, i.e., we would conclude, therefore, that the
mannitol plasma levels of this patient were too high

[0385] In fact, the values assumed for this hypothetical
patient correspond to one of our in vitro experiments with a
sub-dermal mannitol concentration of 10 mM and a [man-
nitol[[sodium] ratio of 80x107>.

[0386] In other words, there is a good predictive value of
the equations developed.

[0387] [b] For the low and high limits (4.4 0 5.5
mM) of the “hypothetical” normal range of mannitol,
iontophoresis extraction ratios of 2.2x10™> and 2.8x
1073, respectively, can be deduced.

[0388] These are exactly the values predicted by the
regression equation in FIG, 18 and we can therefore trans-
late “real” plasma values, which delimit the acceptable
range, into extracted iontophoretic ratios.
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[0389] We can now conclude that the plasma levels of
mannitol obtained from this patient are outside the normal
range: the extraction ratic of 4.97x107> falls well beyond the
limits of 2.2x10~* and 2.8x107>.

[0390] It should be recalled that FIG. 18 can be used to
demonstrate the determination of the constant K' necessary
to calculate an absolute concentration of an analyte in the
biological system from the extracted ratio of the analyte to
the chosen internal standard.

[0391] This procedure was described using the data in the
preceding example and the regressions in FIGS. 15a.

[0392] Interestingly, the slope of the regression in FIG. 18
is very close to those in FIG. 15a.

[0393] From FIG. 154, K' is deduced to be 0.525x1073;
from FIG. 18, K'=0.487x107>.

[0394] In other words, we derive essentially the same
calibration parameter from the experiments in this example
in which the concentration of the internal standard was
allowed to vary over an interval which may be observed in
a typical biological system.

[0395] We conclude, therefore, that the approach is robust.
Example 5
[0396] Dermatomed pig-ear skin was clamped between

the two halves of side-by-side diffusion cells (area=0.78
cm?).

[0397] The anode was placed in the sub-dermal, “donor”
chamber, which contained a physiological pH 7.4 buffer (25
mM Tris/TrisHCI+133 mM NaCl) to which the analyte
glucose was added at a concentration of 10 mM.

[0398] To facilitate the analytical chemistry, the donor
solutions were spiked with tritiated glucose.

[0399]

[0400] The cathodal (collection) chamber, which con-
tacted the outer surface of the skin, contained a 25 mM
Tris/TrisHCI buffer at pH 7.4.

[0401] The experimental design was identical to that in
FIG. 11, with the exception that glucose spiked with tritiated
glucose replaced mannitol spiked with **C-labeled manni-
tol.

Sodium ion was the chosen internal standard.

[0402] A current of 0.4 mA (0.5 mAjcm?) was passed
between the Ag/AgCl electrodes for a total of 6 hours.

[0403] During this period, the entire content of the cathode
solution was withdrawn every 60 minutes and the chamber
was refilled with fresh buffer.

[0404] Glucose and sodium ions in each sample were
quantified by liquid scintillation counting and by an ion
specific electrode, respectively.

[0405] FIGS. 19 and 20 and Table XI show the fluxes of
glucose and sodium and also the (glucose/sodium) extrac-
tion flux ratio over the 6 hours of experiment.
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Extraction fluxes and extracted fux ratios (x10%) for glucose

and Na*. Values are mean =+ standard deviation.

Subdermal  Glucose flux  Sodium™ flux Extracted
[Glucose] [glucose/Nat] (nmol - (umol - (glucose/Na*)
Time (min)  (mM) (x10% ratio  h'-em™)  ht-em™)  flux (x10°) ratio

60 10 75.2 24.1 £ 9.8 87 +0.6 2709

120 43.0 £ 12,6 98 +0.4 4411

180 50.1+11.4 101 =03 49 +1.0

240 515+ 104 100 =03 5109

300 573+ 10.6 102 03 5.6 £0.9

360 60.5 = 10.8 102 03 59 +09

[0406] The data are remarkably similar to those obtained ~ [0415] To facilitate the analytical chemistry, the donor

in the essentially identical experiment described in Example
3 in which mannitol was used instead of glucose.

[0407] The comparison is made with the data in the lower
half of Table VII, and with the graphical results in FIGS. 12
and 13 at times after 180 minutes.

[0408] This example clearly shows that the reverse ionto-
phoretic extraction of a neutral molecule (glucose) by elec-
troosmosis can be “calibrated” by the use of an ionic internal
standard (Na®) which moves across the skin by electromi-
gration.

[0409] Further, the results confirm that mannitol is a good
model for glucose and that the method is applicable, there-
fore, to noninvasive glucose monitoring applications.

Example 6

[0410] Dermatomed pig-ear skin was clamped between
the two halves of side-by-side diffusion cells (area=0.78
cm?).

[0411] The anode was placed in the sub-dermal, “donor”
chamber, which contained a physiological pH 7.4 buffer (25
mM Tris/TrisHC1+133 mM NaCl) to which the analytes
glucose and mannitol were both added, in separate experi-
ments, each of 6 hours duration, at the following concen-
trations:

[0412] Glucose, 3 mM; mannitol, 7 mM—Experi-
ment A

[0413] Glucose, 5 mM; mannitol, 5 mM—Experi-
ment B

[0414] Glucose, 7 mM, mannitol, 3 mM—Experi-
ment C

solutions were spiked with tritiated glucose and **C-labeled
mannitol.

[0416] Sodium ion was the chosen internal standard.

[0417] The cathodal (collection) chamber, which con-
tacted the outer surface of the skin, contained a 25 mM
Tris/TrisHCI buffer at pH 7.4.

[0418] The experimental design was identical to that in
FIG. 11, with the exception that both tritiated glucose and
C.labeled mannitol were present in the ‘donor’ anode
chamber.

[0419] A current of 04 mA (0.5 mAjcm®) was passed
between the Ag/AgCl electrodes for a total of 6 hours.

[0420] During this period, the entire content of the cathode
solution was withdrawn every 60 minutes and the chamber
was refilled with fresh buffer.

[0421] Glucose and mannitol in each sample were quan-
tified by liquid scintillation counting; sodium was quantified
using an ion specific electrode.

[0422] FIGS. 21a-c show the fluxes of glucose, mannitol

and sodium during the 6-hour periods of Experiments A, B
and C, respectively.

[0423] The data show that glucose and mannitol fluxes
responded proportionately to their sub-dermal concentra-
tions.

[0424] The sodium flux was constant, and had the same
absolute value, in each of Experiments A, B and C.

[0425] Tables XII, XII and XIV show the (glucose/so-
dium), (mannitol/sodium) and (glucose/mannitol) extracted
flux ratios, in Experiments A, B and C, respectively, over the
6-hour period of these measurements.

TABLE XII

Extracted flux ratios when the subdermal concentrations of glucose (G) and mannitol (M) were 3 mM and 7 mM,
respectively (Experiment A, Example 6). Values are mean + standard deviation.

Time Subdermal concentration ratios Extracted flux ratios
(minutes) (10°x) [G)[Na*] (10°x) [M][Na*] [glucose][mannitol] (10°x) G/Na*  (10°x) M/Na* GM
60 22.5 52.6 0.43 0.85+£0.13 2.01 £0.33 0.42 +0.01
120 1.32 £ 0.09 321 £0.21 0.41 £0.01
180 1.50 £ 0.10 3.64 £0.31 0.41 £0.01
240 1.65 £ 0.09 398 £0.24 0.41 =0.00
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Extracted flux ratios when the subdermal concentrations of glucose (G) and mannitol (M) were 3 mM and 7 mM,
respectively (Experiment A, Example 6). Values are mean * standard deviation.

Time Subdermal concentration ratios Extracted flux ratios
(minutes) (10°x) [G)[Na*] (10°x) [M}[Na*] [glucose]{mannitol] (10°x) G/Na*  (10°x) M/Na* G/M
300 1.79 = 0.15 4.29 = (0.40 0.42 = 0.01
360 1.92 £ 0.10 4.65 +0.26 0.41 = 0.00
[0426]

TABLE XIII

Extracted flux ratios when the subdermal concentrations of glucose (G) and mannitol (M) were 5 mM and 5 mM,
respectively (Experiment B, Example 6). Values are mean + standard deviation.

Time Subdermal concentration ratios Extracted flux ratios
(minutes) (10°x) [G][Na*] (10°x) [M}[Na*] [glucose]{mannitol] (10°x) G/Na*  (10°x) M/Na* G/M

60 37.6 37.6 1.00 118 £ 0.54 1.29 £ 0.58 091 +0.02
120 1.97 £ 0.46 213 +0.47 0.92 +0.02
180 231 +0.39 253+0.41 0.91 = 0.03
240 2.50 £ 0.34 2.73 +0.38 0.92 = 0.04
300 271 +0.36 298 +0.41 091 +0.02
360 291 +0.26 3.15 £ 0.30 0.92 +0.01

[0427]
TABLE XIV

Extracted flux ratios when the subdermal concentrations of glucose (G) and mannitol (M) were 7 mM and 3 mM,

respectively (Experiment C, Example 6). Values are mean + standard deviation.

Time Subdermal concentration ratios Extracted flux ratios
(minutes) (10°x) [G)[Na*] (10°x) [M}[Na*] [glucose]{mannitol] (10°x) G/Na*  {10°x) M/Na* G/M

60 52.6 22.5 2.33 1.79 £ 0.90 0.86 + 0.45 2.09 = 0.07

120 2.86 = 0.87 1.38 £ 0.46 2.09 = 0.06

180 335+0.83 1.62 £ 0.44 2.08 = 0.07

240 3.57+071 1.71 £ 0.39 211 +£0.08

300 377 £0.64 1.83 £ 0.40 2.08 = 0.10

360 3.99 = 0.59 1.94 £ 0.36 2.07 = 0.08

[0428] FIG. 22a shows the correlations between (a) the [0431] This point is emphasized in FIG. 22¢ which shows

iontophoretic extraction ratio of glucose to sodium and the
glucose sub-dermal concentration, and (b) the iontophoretic
extraction ratio of mannitol to sodium and the mannitol
sub-dermal concentration, following 6 hours of iontophore-
sis at 0.5 mA/cm®.

[0429] FIG. 22 shows the correlations between (a) the
iontophoretic extraction ratio of glucose to sodium and the
sub-dermal concentration ratio (glucose/sodium), and (b) the
iontophoretic extraction ratio of mannitol to sodium and the
sub-dermal concentration ratio (mannitol/sodium), follow-
ing 6 hours of iontophoresis at 0.5 mA/cm”.

[0430] The overlap between the results for glucose and
mannitol, presented in FIGS. 224-b confirms the fact that
mannitol can act as a model for the behaviour of glucose in
reverse iontophoresis.
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the almost perfect correlation between the iontophoretic
extraction ratio of glucose to mannitol (following 6 hours of
iontophoresis at 0.5 mA/cm?) and the sub-dermal concen-
tration ratio (glucose/mannitol).

[0432]

[0433] Conclusions deduced earlier on the basis of man-
nitol data, therefore, are likely to be valid for glucose as
well.

[0434] This example clearly shows that the reverse ionto-
phoretic extraction of a neutral molecule (glucose) by elec-
troosmosis can be “calibrated” by the use of an ionic internal
standard (Na*) which moves across the skin by electromi-
gration.

[0435] Further, the results confirm that mannitol is a good
model for glucose and that the method is applicable, there-
fore, 1o non-invasive glucose monitoring applications.

The slope of the line of regression is close to unity.



US 2005/0074810 Al

[0436] To illustrate how this technique would work in
practice, consider some practical situations using the infor-
mation and relationships obtained from the experiments
described above.

[0437] Consider a hypothetical patient, whose NaCl con-
centration in plasma is 133 mM, on whom a reverse ionto-
phoretic procedure is performed.

[0438] Suppose that analysis of the extracted samples
indicates that 20 nmoles of glucose and 10 umoles of sodium
are extracted across 1 cm? of skin in 1 hour.

[0439] The extracted ratio (glucose/sodium) is 2x107>.

[0440] Now this information could be used in the follow-
ing way:
[0441] Assume, in this hypothetical patient, that the glu-

cose level below which hypoglycemia is a concern is 80
mg/dL (ice., 4.4 mM).

[0442] This value corresponds to a molar ratio (glucose/
sodium) of 33x107 in the sub-dermal fluids assuming a
constant sodium concentration of 133 mM.

[0443] According to our in vitro results (by substitution in
the regression equation of FIG. 22a), an extraction ratio of
2x107* indicates that the glucose concentration systemically
is about 3.3 mM, i.e., the sub-dermal [glucose][sodium]
ratio is 24.8x107> (FIG. 22b).

[0444] We would conclude, therefore, that the glucose
plasma levels of this patient were too low.

[0445] In fact, the values assumed for this hypothetical
patient correspond closely to one of our in vitro experiments
with a sub-dermal glucose concentration of 3 mM and a
[mannitol}[sodium] ratio of 22.5x107.

[0446] In other words, there is a good predictive value of
the equations developed.

[0447] A similar exercise could be performed, self-evi-
dently, for a patient experiencing hyperglycemia (ie.,
plasma glucose levels above a certain upper limit).

[0448] Ttis further important to reiterate that FIGS. 22a-b
demonstrate the determination of the constants K and K'
necessary to calculate an absolute concentration of an ana-

Iyte in the biological system from the extracted ratio of the
analyte to the chosen internal standard.

[0449] In this example, the chosen analyte (A) is glucose,
while the internal standard (B) is Na*.

[0450]

QOglu/ONa*=K.|glu}[Na*]

[0451] K can be read from the slope of the graph in FIG.
22p; that is, following a period of iontophoresis of 6 hours
at 0.5 mA/em?, K=0.076.

[0452] Tt is noteworthy that the corresponding value for
mannitol, in this Example, is 0.078.

According to Equation 1, therefore,

[0453] Similarly, according to Equation 2,
Qglu/ONa*=K"[ glu]
[0454] XK' can be read from the slope of the graph in FIG.

224 and is equal to K divided by the fixed Na* concentration
(133 mM) in the biological system.
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[0455] Following a period of iontophoresis of 6 hours at
0.5 mA/em?, K'=0.572x1072.

[0456] Note that the corresponding value for mannitol, in
this Example, is 0.586x107>.

[0457] Tt follows that, once the value of K' has been
established for a particular pair of substances, and given that
the concentration of the internal standard ([B]) in the bio-
logical system is constant, then Equation 2 can be used to
determine the concentration of the analyte of interest ([A])
directly from the iontophoretic extraction ratio Qa/Qb.

[0458] Finally, the linearity of the relationship established
by the data in FIG. 22c¢ indicates the possibility of using an
uncharged molecule as an internal standard for an analyte
which is also uncharged.

Example 7

[0459] A series of in vitro experiments was performed in
specifically-designed iontophoresis diffusion cells (Labora-
tory Glass Apparatus, Berkeley, Calif., USA) as represented
in FIG. 23.

[0460] The sub-dermal (donor) solution was a pH 7.4
buffer (25 mM Hepes+133 mM NaCl) to which the analyte
of interest, the anti-manic drug lithium (as the chloride salt)
was added at one of 3 different concentrations: 1.37 mM,
0.86 mM, 0.45 mM.

[0461]

[0462] The anodal and cathodal chambers contacted the
outer surface of the skin and contained the receptor (collec-
tion) media, respectively, 133 mM NaCl+25 mM Hepes and
10 mM KClI+25 mM Hepes (both buffered at pH 7.4).

[0463] Full-thickness pig-car skin was clamped between
the two halves of the iontophoresis cell and each chamber
filled with the appropriate solution.

[0464]

[0465] A current of 0.4 mA (0.5 mAjcm®) was passed
between silver-silver chloride, (Ag/AgCl) electrodes,
inserted into the anodal and cathodal chambers, for a total of
5 hours.

[0466] Every hour, the entire content of the cathode solu-
tion was withdrawn and the chamber refilled with fresh
buffer.

[0467] All samples were analyzed for lithium by atomic
absorption spectroscopy and for sodium using an ion-selec-
tive electrode.

Sodium ion was the chosen internal standard.

A schema of the experiment is shown in FIG. 23.

[0468] Three replicates were performed for each lithium
concentration.

[0469] FIGS. 24a-b show the (a) the extraction fluxes of
lithium and sodium, and (b) the (lithium/sodium) extraction
flux ratios, over the 5 hours of experiment, for each sub-
dermal lithium concentration considered.

[0470] Table XV also presents the extracted flux ratios
(lithium/sodium), as a function of time, for each of the
different sub-dermal concentration ratios (lithium/sodium)
considered.

[0471] FIGS. 25a-b show the correlation between the
iontophoretic extraction ratio of lithium to sodium and [a]
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the lithium sub-dermal concentration, and [b] the sub-
dermal concentration ratio (lithium/sodium) over the 5-hour
period of the experiment.

TABLE XV

Extracted flux ratios (x10°) for lithium and sodium ions.
Values are mean + standard deviation.

(10°x) Extracted (lithium/Na*) flux ratio
(10°%) Subdermal [lithium [Na*] ratio

Time (min) 34 6.5 103
60 071+028 148 +0.41 228043
120 138£019  2.65+0.53 4.45 £ 0.64
180 154£020  3.13:0.78 525+048
240 1.80£003  279:033 5.64 £ 052
300 1.62£003  3.13:051 545+ 036
[0472] To illustrate how this technique would work in

practice, consider some practical situations using the infor-
mation and relationships obtained from the experiments
described above.

[0473] Consider a patient taking lithium, whose plasma
sodium concentration is 133 mM, and on whom a reverse
iontophoretic procedure is performed.

[0474] Suppose that analysis of the extracted samples
indicates that the extracted ratio (lithium/sodium) is 1x107°.

[0475] Now this information could be used in the follow-
ing way:

[0476] Assume a therapeutic range for lithium of 0.5-1.4
mM.

[0477] Such values correspond to molar ratios (lithium/

sodium) of 3.76x10~> and 10.5x107> in the sub-dermal
fluids.

[0478] According to our in vitro results (by substitution in
the regression equation obtained at 5 hours, FIG. 25b), an
extraction ratio of 1x107> indicates that the sub-dermal
[lithium]/[sodium] ratio is less than 3x107>, i.., that the
sub-dermal lithium concentration is less than 0.4 mM.

[0479] We would conclude, therefore, that the lithium
plasma levels of this patient were too low and out of the
therapeutic range.

[0480] Ttis further important to reiterate that FIGS. 25a-b
demonstrate the determination of the constants K and K'
necessary to calculate an absolute concentration of an ana-
lyte in the biological system from the extracted ratio of the
analyte to the chosen internal standard.

[0481] In this example, the chosen analyte (A) is lithium,
while the internal standard (B) is sodium.

[0482]
OLi/QNa=K [Li/[Na]

[0483] K is the slope of the graph in FIG. 25b; that is,
following a short (5-hour) period of iontophoresis at 0.5
mA/cm?, K=0.56.

[0484]

OLi/ONa=K'[Li]

According to Equation 1, therefore,

Similarly, according to Equation 2,

Apr. 7,2005

[0485] K'is the slope of the graph in FIG. 254 and is equal
to K divided by the fixed sodium concentration (133 mM) in
the biological system.

[0486] Following a short (5-hour) period of iontophoresis
at 0.5 mA/cm?, K'=4.18x107>.

[0487] Tt follows that, once the value of K' has been
established for a particular pair of substances, and given that
the concentration of the internal standard ([B]) in the bio-
logical system is constant, then Equation 2 can be used to
determine the concentration of the analyte of interest ([A])
directly from the iontophoretic extraction ratio Qa/Qb.

Example 8

[0488] Two cylindrical glass cells (area=2 cm®) were fixed
to the ventral surface of a healthy volunteer’s forearm. The
distance between the chambers was approximately 8 cm.

[0489] The anode was positioned in one of the cells, which
was filled with a solution containing a 10 mM Tris buffer pH
8.5+100 mM NaCl.

[0490] The other (collection) chamber contained the cath-
ode submerged in a 10 mM Tris buffer at pH 8.5.

[0491] The two electrodes were connected to a power
supply (Phoresor II Auto, lomed, USA) and a current of 0.6
mA (0.3 mA/cm®) was passed between them for a total of 5.5
hours.

[0492] The entire contents of the cathode solution were
withdrawn every 15 minutes and the chamber was then
refilled with fresh buffer.

[0493] From the seventh collection period, the volunteer’s
blood sugar concentration was measured at the beginning of
each iontophoretic interval. A droplet of capillary blood was
collected from the finger tip and analyzed for glucose with
the Glucotrend 2 monitor (Roche Diagnostics, Switzerland).

[0494] Glucose in each iontophoretic sample was ana-
lyzed by high-performance anion-exchange chromatogra-
phy with pulsed amperometric detection. Sodium ions were
analyzed by an enzymatic -galactosidase assay.

[0495] FIG. 26 shows the results obtained. The blood
glucose concentrations shown correspond to the average of
the values measured at the beginning and at the end of each
iontophoretic extraction period. The iontophoretically
extracted glucose flux mirrored very closely the changes in
blood sugar, increasing and then subsequently decreasing
following ingestion of food. On the other hand, the extrac-
tion flux of Na* remained effectively constant over the entire
period of the experiment, reflecting the fact that the systemic
concentration of Na* is quite invariant in a living human
being. From the data in FIG. 26, it can be deduced that the
ratio of the extracted flux of glucose divided by that of Na*
depended linearly on both the blood concentration of glu-
cose (Cg,):

o1l =0.001% Cp=(1.6x10%); r=0.87

[0496] and on the ratio of the blood concentrations of
glucose and Na*(Cglu/CNa+):

Totena =01 3%(Copef Croy 1 (7251075, r=0.87
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[0497] The data illustrate in vivo, in man, therefore, the
principal features of the invention disclosed.

1. A method for non-invasively determining the relative
levels of two substances present in a biological system, said
method comprising

contacting an anodal chamber and a cathodal chamber of
an iontophoresis device comprising reversible elec-
trodes with a biological system,

extracting by reverse iontophoresis charged and
uncharged substances from said biological system, and
collecting said charged and uncharged substances each
independently into the anodal chamber or the cathodal
chamber;

analysing the collected amount of at least a first extracted
substance and a second extracted substance; wherein
said first and second substances are selected in such a
way that the transport and/or transference number of
the first substance is independent of the transport and/or
transference number of the second substance;

subsequently, determining the extraction ratio of the first
substance to the second substance to determine their
relative levels in the biological system.

2. The method according to claim 1, characterised in that
the electrodes of the iontophoretic device are silver/silver
chloride electrodes.

3. The method according to claim 2, characterised in that
the first substance analysed and the second substance analy-
sed are contained in the same chamber.

4. The method according to claim 3, characterised in that
the biological system 1s a human body.

5. The method according to claim 4, characterised in that
the current density applied by the iontophoretic device
during the iontophoretic extraction is not higher than 0.5
mA/cm®,

6. The method according to claim 5, characterised in that
the determination of the extraction ratio of the first substance
to the second substance is made by calculating the ratio of
the collected amount of the first extracted substance to the
collected amount of the second extracted substance.

7. The method according to any claim 5, characterised in
that the determination of the extraction ratio of the first
substance to the second substance is made by first calculat-
ing the flux of the first extracted substance and the flux of the
second substance, based on the extracted amount of the first
substance and the extracted amount of the second substance,
respectively, and then by calculating the ratio of the flux of
the first extracted substance to the flux of the second
extracted substance.

8. The method according to claim 7, characterised in that
the analysis of the two selected substances is made by
techniques involving specific enzymes or biosensors, ion-
selective chemistry, measurement of conductivity, and all
other known analytical chemistry techniques.

9. The method according to claim 8, characterised in that
the first and second analysed substances are susceptible to
changes in their concentration in the biological system.

10. The method according to claim 8, characterised in that
the first analysed substance is susceptible to changes in its
concentration in the biological system and the second analy-
sed substance has a substantially constant concentration in
the biological system.
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11. The method according to claim 10, characterised in
that the first substance is glucose.

12. The method according to claim 10, characterised in
that the first substance is lithium.

13. The method according to claim 12, characterised in
that the second substance is sodium.

14. The method according to claim 13, characterised in
that electrode polarity is reversed subsequent to each extrac-
tion/analysis cycle.

15. A iontophoretic sampling device for non-invasively
monitoring the relative levels of two substances present in a
biological system, said device comprising:

an electrical power supply,

a collection assembly comprising a first collection cham-
ber containing a first electroconductive medium in
contact with a first clectrode and a second collection
chamber containing a sccond electroconductive
medium in contact with a second electrode, said elec-
trodes being reversible electrodes and being each in
contact with the electrical power supply when the
collection assembly is inserted in the iontophoretic
device;

a means for analysing two or more selected charged
and/or uncharged substances in either one or both of the
collection chambers in order to determine their
extracted amounts,

a means for converting the extracted amounts of a first
substance and a second substance to the extraction ratio
of the first substance to the second substance, wherein
said first and second substances are selected in such a
way that the transport and/or transference number of
the first substance is independent of the transport and/or
transference number of the second substance.

16. The iontophoretic sampling device according to claim
15, characterised in that the electrodes are silver/silver
chloride electrodes.

17. The iontophoretic sampling device according to claim
16, characterised in that the means for converting the
extracted amounts of a first substance and a second sub-
stance to the extraction ratio of the first substance to the
second substance is a programmable means able to calculate
the ratio of the collected amount of the first extracted
substance to the collected amount of the second extracted
substance.

18. The iontophoretic sampling device according to claim
16, characterised in that the means for converting the
extracted amounts of a first substance and of a second
substance to the extraction ratio of the first substance to the
second substance is a programmable means able to first
calculate the flux of the first extracted substance and the flux
of the second substance, based on the extracted amount of
the first substance and the extracted amount of the second
substance, respectively, and then to calculate the ratio of the
flux of the first extracted substance to the flux of the second
extracted substance.

19. The iontophoretic sampling device according to claim
18, characterised in that the analysis of the selected sub-
stances is made by techniques involving biosensing tech-
niques.

20. The iontophoretic sampling device according to claim
19, characterised in that the first and second substances for
which the extraction ratio is to be determined are susceptible
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to changes in their concentration in the biological system, so
that relative levels of the first substance to the second
substance are determined.

21. The iontophoretic device according to claim 19,
characterised in that the first substance is susceptible to
changes in its concentration in the biological system and the
second substance has a substantially constant concentration
in the biological system, so that the physiological concen-
tration of the first substance is determined based upon the
constant physiological concentration of the second sub-
stance.

22. The iontophoretic device according to claim 21,
characterised in that the first substance is glucose.

Apr. 7,2005

23. The iontophoretic device according to claim 21,
characterised in that the first substance is lithium.

24. The iontophoretic device according to claim 23,
characterised in that the second substance is sodium.

25. The iontophoretic device according to claim 24,
characterised in that it further comprises a means to reverse
the electrode polarity subsequent to each extractionlanalysis
cycle.

26. The iontophoretic device according to claim 25,
characterised in that it is miniaturised to be worn on a
person’s body.
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