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The method according to the invention consists of generating an electrochemical signature of the analyzed substance(s), obtained
by carrying out a numerical pseudo-titration and to express the result of the measurements in antioxidant power units. It involves
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the processing of a current-potential response of the oxidation of the analyzed substance(s) by a predefined mathematical
dimensionless function representing a virtual and ideal oxidizing agent. The method Is useful for the identification and/or detection
and/or titration of antioxidant substances In the tested material, including directly on wet biological tissues.
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(57) Abstract: The method according
to the invention consists of generating

an electrochemical signature of the
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carrying out a numerical pseudo-titra-

tion and to express the result of the

measurements in antioxidant power
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a current-potential response of the
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by a predefined mathematical
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N\ method is useful for the identification

and/or detection and/or titration of
antioxidant substances in the tested
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Method and device for the electrochemical pseudo-titration of antioxidant substances

Field of the invention

The present invention relates to the electrochemical titration, detection or

identification of antioxidant substances and related devices.

Background of the invention

Electrochemical sensors are used in many analytical devices for the measurement of
numerous compounds. The electro analytical determination of antioxidant molecules, by
measuring, for example, their oxidation current as a function of the applied potential has also

extensively been demonstrated.

US-6,638,415 describes a device for measuring the level of oxidant or antioxidant analytes in
a fluid sample. The device consists of a disposable electrochemical cell containing a reagent
capable of undergoing a redox reaction with the analyte. Heat may be applied by a resistive

heating element or by an exothermic material contained within the cell, in case slow reacting

analytes are to be used.

W0O/2004044576 describes a method for determining the oxidant/antioxidant activity of a
substance based on the addition of a mediator to the substance to be analyzed and US-
4,155,713 describes an assay for measuring the antioxidant concentration i1n

hydrocarbonaceaous materials based on the addition of specific peroxy radicals.

Available electrochemical methods either rely on the addition of electrochemically active

mediators and/or radicals and do not allow the measurement of antioxidant power of the
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tested samples without physically and/or chemically modifying it prior its analysis or rely on

an unprocessed electrochemical signature.

An .object of the present invention resides in obviating the shortcomings of prior art and to
provide a new means for measuring antioxidant power by pseudo-titration and with the

ability to take in-situ measurement in solution, in biological samples, including on wet

tissues.

The Invention

This invention refers to a method for the indirect electrochemical measurement, in fact
a pseudo-titration of the antioxidant power of antioxidant substances, the use of this method
for the identification and/or detection and/or titration of antioxidant substances 1n a tested

material, including directly on wet biological tissues and a device for performing the

described method.

In particular the invention refers to a method for the indirect electrochemical
measurement of the antioxidant power of an antioxidant substance which comprises the steps
of:

- placing a sample of a material containing at least one antioxidant substance 1in contact
with a sensor comprising at least one working electrode, one reference electrode and one
auxiliary electrode to afford an electrochemical signal,;

- applying a predefined potential waveform to the sensor while measuring the variation
of the electrochemical signal between the working and the auxiliary electrode(s) to afford a
primary signal; '

- modulating the primary signal by applying a mathematical function representing the
titration of an 1deal oxidizing agent;

- reading the antioxidant activity as an antioxidant power by integrating the obtained

current signal over the applied potential.

The invention further refers to a device useful for performing the method defined here
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above, which consists of an electrochemical unit and an electrochemical sensor for
measuring antioxidant power which is expressed in antioxidant power units, comprising:
- at least one mono- or multi- surface working electrode;

- a potentiostat; and

- electronic processors for treating the electrochemical signal and generating the final

signal output expressed in antioxidant power units.

Brief description of the Drawings

Fig. 1 illustrates pseudo-titration curves for the saliva of three difterent patients;
Fig. 2 illustrates curves corresponding to modulating titration functions;

Fig. 3 1s a schematic representation of a multi-surface working electrode;

Fig. 4 1s a schematic representation of a system comprising three electrodes;

Fig. 5 1llustrates the direct testing on a patient.

Detailed description of the invention

The invention consists of generating an electrochemical signature of the analyzed
substances, obtained by carrying out a numerical pseudo-titration. The principle of which is
the processing of a current-potential response of the oxidation of the analyzed substances by

a predefined mathematical function representing a virtual and ideal oxidizing agent.

The device consists of an electrochemical unit and an electrochemical sensor for
generating the electrochemical signature of the analyzed antioxidant, including at least one
mono or multi surtface electrode, with or without an extension arm, a potentiostat and
electronic processors for treating the electrochemical signal and generating the final signal

output expressed in power units.

According to a first embodiment of the invention the sample comprising or supposed
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to comprise one or several antioxidant substances can be analyzed according to the method

described here below.

The method consists in the progressive electrochemical oxidation, typically from Oto 1 V, of
the antioxidant molecules present in the solution. The oxidation takes place onto an electrode
surface specially designed to allow several types of molecules to react. The working
electrode, where these oxidations take place 1s a composite material resulting from the
assembly of different types of surtaces. For example, activated carbon surfaces"are
particularly well adapted for neutral hydrophilic compounds, while gold ones, covered by an
organic gel, allows the oxidation of more hydrophobic molecules. The progressive oxidation
1s conducted using an optimized electrochemical signal such as, e.g., a differential pulse
polarography adapted to solid surfaces. This original signal 1s applied, via a potentiostat to a
system of working and reference electrodes, with or without a counter (or auxiliary)
electrodes. The resulting signal i1s recovered as current changes in function of the applied
potential and represents the primary signal, which 1s then processed. Indeed, antioxidant
molecules that have a measured oxidation potential above a reference value, taken at 0.5 V
for the reduced glutathione (e.g.), have to be discriminated compared to those who have a
lower oxidation potential. The oxidation potential of reference can be adjusted fromOto 1V,
depending on the tested solution. This signal treatment corresponds to an electrochemical
pseudo-titration of a muxture of antioxidants, against a given reference antioxidant. This
mathematical treatment 1s based on Fermi-Dirac function and includes other monotonous
decreasing dimensionless function. The sum of each oxidation current per potential
increment corresponds to the antioxidant power of the solution: it can be expressed either in
electrical power units (Watt) or in any other specific unit such as an antioxidant power
(AOP). Pouvorr AntiOxydant (PAOx), or in total antioxidant power (TAQO), Pouvoir
AntiOxydant Total (TAOX) or any other suitable unit.

According to a specific embodiment of the invention, the auxiliary electrode and the

reference electrode can be combined in one electrode assuming both functions.

According to another specific embodiment of the invention, the signal mentioned here
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above can be generated by means of several working electrodes used simultaneously and/or
sequentially and/or successively, for the electrochemical oxidation of different antioxidant
molecules. Alternatively, the signal can be generated by a single working electrode
comprising several different surfaces used simultaneously and/or sequentially and/or

successively for the electrochemical oxidation of different antioxidant molecules.

According to the present invention the device integrates a set of electrochemical
sensors, an electrical signal generator and a potentiostat, an electronic signal processing,
including filters and integrators and a read out for measuring the antioxidant power of the
solution. The electrochemical sensors design may include an extension arm and a protective
coating for allowing its use directly on a variety of solutions, including e.g. biological fluids

on wet tissue.

A turther embodiment of the invention consists in a method for fabricating such a
sensor and the use of such a sensor as well, for the direct analysis of antioxidant power. For
the preparation of the combined electrode, conductive and electro active particles are
provided, which may be made of any suitable conductive material, such as carbon (graphite),
gold and/or platinum or a combination thereof. In general, the particles have the shape of
flakes or balls, and exhibit a size of between 0.01 and 500 pm, preferably between 1 and 20
um. Particles can also be mixed with or replaced by colloids, in which case the size ranges of

from 0.001 and 1 pum.

Organic molecules, such as peptides, proteins and/or nucleic acids can be added to these
particles. The peptide and protein mass comprises molecules from 660 to 100°000 Daltons,
while nucleic acid include double and single strand ADN and RNA molecules ranging from

single nucleotide to several millions nucleotides and their combination.

It desired, the obtained particles and/or colloids may be treated by physical or chemical
means, such as laser or plasma irradiation, by mechanical grinding, laminating or heat

(pyrolitic) treatment or with oxidizing, acidifying or bonding agents, such as e.g. ferrocene
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carboxylic acid, so as to make the sensor more selective, sensitive and to specify the dynamic

range of the analysis when used as an electrochemical device.

The obtained material is molded to any shape or deposited onto a suitable substrate/support
in thin or thick layers in conventional ways, such as by printing, leading to a final sensor
volume on which electrochemical, chemical and other reactions may be conducted. As a
substrate/support, any non-conductive or also conductive material may be used, such as
cellulose, polyester, polystyrene, metal, electrode, organic tissues. The obtained surface 1s
then recovered by any protective coating so that diffusion onto the working surface can be
controlled and the working surface protected from contaminants. Such film might consist of
inert or active materials such as plastic and/or specific gel and/or organic molecules,

including peptides, proteins and nucleic acids.

All shapes of dried material may be obtained. The typical thickness of the dried layer ranges
from 1 to several hundreds micrometers, preferably of from 2 to 50 um. The temperature
selected for drying is preferably in the range of 30° to 50°C, and the time period is from

several seconds to several hours, preferably from about 1 minute to about 15 minutes.

Depending on the solvent added to the mixture and the drying condition, the resulting

composite material can be porous or non-porous.

The material may be exposed directly to the substance to be analyzed and/or is available for
further treatments. These treatments include mechanical polishing, light irradiation at any
wavelength, UV, X-ray, photon treatments, other radioactive activations such as with alpha-,
beta-particles or neutrons, chemical activation such as acidic or basic treatment, oxidation,
electrochemical activation such as reduction, oxidation, biological, biochemical treatments or

combination of these techniques.

All treatments may also be conducted at specific, geometrically well defined locations on the
surface of the sensor. In addition, other insulating or conductive materials, such as polymeric

solutions, metallic layers, inks, glues, solvents, etc. may be deposited onto certain
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locations/regions/areas on the surface. Thus, a patterning of the surface of the sensor may be
obtained. The area of the sensor may be controlled by a first printing or molding stage, by the
adding of layers geometrically defined that can be of different mixture compositions. Any

step of printing, molding or treatment may be repeated 1n all kinds of sequences.

The sensor is connected as the working electrode into an electrochemical cell comprising a

reference electrode such as a silver/silver chloride wire or layer and a counter electrode such

as a platinum, gold, carbon wire or layer.

When using the sensor obtainable according to the above described method steps for
determining a desired entity, the sensor is placed in contact with the sample to be analyzed,
i.e. a sample suspected to modify and/or alter, e.g. oxidize the combined sensor. In general,

the sample may be in any form allowing contact with the sensor, e.g. the form of a solution, a

gas or even 1n solid form.

Repeated electrochemical signals can be recorded over time and give an indication of the

reaction effect dynamics.

The principle of the treatment of the signal 1s the following: the obtained primary signal 1s
treated with a specific filter which attributes coefficients to the original measure, so that an
integrated signal can be generated. Simultaneously, a discrete measurement is also taken,
allowing the establishment of internal control and/or internal reference value. These
references might include any molecules harboring a specific electrochemical signature, such
as, for example, single nucleotides and/or polynucleotides, nucleic acids, carboxylic acids,

such as the reduced ferrocene salt.

This results in the possibility to characterize a given antioxidant, or a mixture of antioxidants
in e.g. liquids, gels and gases. Applications include the analysis of any substance capable of
holding antioxidant molecules including food, beverages, drugs, environments, liquids,
perfusion products, biological fluids such as saliva, blood, serum, plasma, urine tears, sweat,

inter- and intra cellular fluids, etc. Moreover, such sensor design and fabrication method
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allows it to be used directly onto biological tissues, allowing a direct and real time
measurement of oxidant/antioxidant activity contained in such biological solutions. In
particular, this sensor might be used for the antioxidant power determination onto oral wet

tissue (tongue) and/or wet skin (sudation) and bleeding tissues (blood).

Examples

Examples of resulting antioxidant power signals of the saliva of three patients have
been obtained according to the above; they are shown in Figure 1. Curves a and b refer to
healthy patients (resulting antioxidant power of 240 and 226 nW respectively) while curve ¢

refers to a patient with a depressed antioxidant system (antioxidant power of 143 nW).

The pseudo-titration signals applied in the method described here above can be shown
in Figure 2. Curves a, b, ¢ and d correspond to the equivalent reduced proportion of the

reference antioxidant having, in this case, a redox potential of 500 mV.

The working electrode used to apply the method described here above 1s represented
in Figure 3. Such an electrode usually consists of a conducting track made of any conducting
material such as a dry carbon ink (a) deposited onto a non-conducting substrate such as any
polymer material (b). An insulating layer (c) is usually deposited to define a sensing area.
This sensing area can consist in the assembly of different surface materials (d, e, f, g),
providing different physical-chemical properties to the solution molecules, in order to

maximize the number of species able to undergoing redox reactions.

Figure 4 1s a schematic representation of the device described here above with the
signal generator (1), the potentiostat (2), the signal processor (3) (with electronic filters and
pseudo-titration integrator) and output; WE, RE and CE refer to the working electrode, the

reference electrode and the counter (or auxihiary) electrode, respectively.

The electrodes can be placed at the end of a collecting arm as shown 1n Figure 5. A

patient (a) can have his/her saliva tested in the mouth or on the tongue (b) or any wet tissue
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by simply contacting the top end - where are placed the electrodes (c) - of the collecting arm
(d). This arm can be made of polymer and can hold the entire device or only the connection

cables from the electrodes at the top end to the signal generator, potentiostat and signal

processing unit that can be placed outside the arm.
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CLAIMS

1. A method for the indirect electrochemical measurement of the antioxidant power of an

antioxidant substance which comprises the steps of:

5 - placing a sample of a material containing at least one antioxidant substance in
contact with a sensor comprising at least one working electrode, one reterence electrode
and one auxiliary electrode to afford an electrochemical signal;

- applying a predefined potential waveform to the sensor while measuring the
variation of the electrochemical signal between the working and the auxiliary electrode(s)
10 to afford a primary signal;
- modulating the primary signal by applying a mathematical function representing the

titration of an ideal oxidizing agent;

- reading the antioxidant activity as an antioxidant power by integrating the obtained

current signal over the applied potential.

15

2. The method according to claim 1, wherein the auxihiary electrode and the reference

electrode are combined in one electrode assuming both functions.

3. The method according to claim 1, wherein the signal 1s generated by several working
20 electrodes used simultaneously and/or sequentially and/or successively for the

electrochemical oxidation of different antioxidant molecules.

4. The method according to claim 1, wherein the signal 1s generated by a single working
electrode comprising several difterent surfaces used simultaneously and/or sequentially

25 and/or successively for the electrochemical oxidation of different antioxidant molecules.

5. The method according to claim 3 and 4, wherein the electrochemical signal resulting from
each working electrodes and/or partial electrode surfaces 1s compiled into the
comprehensive sum of all the detected antioxidant activities.

30

6. The method according to any of claims 1 to 5, wherein the comprehensive sum of the
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antioxidant activities present in the tested sample 1s filtered by applying a discriminating

mathematical function.

7. The method according to claim 6, wherein the mathematical function 1s similar to an
electrochemical titration signal of the reduced concentration of a reference molecule
which oxidation potential ranges typically from 0 to 1.5 V, preferably from 0.5 to 0.8 V,

and includes other monotonous decreasing function.

8. The method according to claim 7, wherein the integration of the filtered comprehensive
sum of the antioxidant activities of the tested samples, corresponding to the sum of each
resulting current intensity, multiplied by each potential increment, i1s defined as its
antioxidant power, expressed in electrical power units (Watt) or in specific units such as

an antioxidant power €.g. AOP or TAO.

9. The method according to any of claims 1 to 8, wherein the sensor is in contact with the

solution directly on wet biological tissues.

10. The use of the method according to any of claims 1 to 9 for the identification and/or

detection and/or titration of antioxidant substances.

11. A device for performing the method according to claim 1 which consists of an
electrochemical unit and an electrochemical sensor for measuring antioxidant power
which is expressed in antioxidant power units, comprising:

- at least one mono- or multi- surface working electrode;

- a potentiostat;
- electronic processors for treating the electrochemical signal and generating the final

signal output expressed 1n antioxidant power units.

12. The device according to claim 11, wherein each working electrode surface 1s made of
any conductive particles, including carbon, metallic particles and colloids, oxides or their

combination.
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13. The device according to claim 11, wherein the sensor includes organic molecules,

indicators or dyes.

5  14. The device according to claim 13, wherein organic molecules including peptides and/or

proteins from 660 to 100°000 Daltons and single or double strand DNA and RNA
molecules from single nucleotide to several millions nucleotides and their combination,

are added to or deposited onto the conductive particles and/or the obtained electrode

surface.
10
15. The device according to claim 11, wherein each working electrode surface 1s pre-treated
by any physical or chemical means such as laser or plasma irradiation, mechanical
grinding lamihating, heating, oxidizing, acidifying or bonding agents such as ferrocene
carboxylic acid. ,
15

16. The device according to claim 11, wherein each working electrode surface 1s covered by a
grid made of a porous material such as cellulose or polymer, or by an aqueous or organic

gel or an organic substance.

20 17.The device according to claim 11 wherein a protective coating 1s applied to the sensor

surface, including inert or active coating consisting of polymer, ceramic, cellulose and/or

the combination thereof.

18. The device according to any of the preceding claims, wherein the electrode material 1s

25 deposited onto a substrate consisting of an isolating material, such as paper or polymers.

19. The device according to any of the preceding claims, wherein the working and/or the
reference electrode is printed, layered, embedded or engraved onto the above substrates,

or 1s molded or injected with or without substrate onto a specitic shape, at temperatures

30 ranging from -230°C to 400°C.
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20. The device according to any of the preceding claims, wherein the sensor 1s placed at the

top end of an extension arm.

21. The device according to claim 20, wherein the extension arm allows to hold and to

position the sensors in contact with the surface to be tested.
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