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TISSUE-PENETRATING
ELECTROCHEMICAL SENSOR FEATURING
A CO-ELECTRODEPOSITED THIN FILM
COMPRISED OF POLYMER AND
BIO-RECOGNITION ELEMENT

CROSS REFERENCE TO RELATED
APPLICATION

[0001] The Present Application is a continuation applica-
tion of U.S. patent application Ser. No. 16/152,372, filed on
Oct. 4, 2018, which is a continuation application of U.S.
patent application Ser. No. 15/590,105, filed on May 9,
2017, now U.S. Pat. No. 10,092,207, issued on Oct. 9, 2018,
which claims priority to U.S. Provisional Patent Application
No. 62/336,724, filed on May 15, 2016, now expired, each
of which is hereby incorporated by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] Not Applicable

BACKGROUND OF THE INVENTION

Field of the Invention

[0003] The present invention generally relates to electro-
chemical sensors.

Description of the Related Art

[0004] Electrochemical sensor devices have witnessed
increased development activity in recent years, driven pri-
marily by the challenge of in vivo glucose sensing. How-
ever, to date, these devices are manufactured using labor-
and time-consuming physical assembly processes, espe-
cially to impart their selective chemical sensing capabilities.
In this vein, such devices have not leveraged high-volume
automated manufacturing processes to fabricate electro-
chemical sensors with high yield and uniformity.

[0005] The prior art discusses various sensors.

[0006] Meyer et al., U.S. Pat. No. 4,756,807 for a Chemi-
cally modified electrodes for the catalytic reduction of CO2
discloses an electrode that has a film adsorbed to its surface
by reductive electropolymerization of (vbpy)Re(CO)3 Cl
(4-vinyl-4'-methyl-2,2'-bipyridine tricarbonylchlororhe-
nium(I)) or its acetonitrile analogue, [(vbpy)Re(CO)3
(MeCN)]+(4-vinyl-4'-methyl-2,2'-bipyridine tricarbonylac-
etonitrile rhenium (I)). The poly(vbpy)Re(CO)3 ClI or poly
[(vbpy)Re(CO)3 (MeCN)]+adsorbed onto the electrode,
acts as a catalyst for CO2 reduction to CO. Stability and the
reactivity of the polymer film may be increased by co-
reductive electropolymerization of either of the aforesaid Re
complexes with [(bpy)2 Ru(vpy)2 2+(bis(4-vinyl-pyridine)
bis(2,2'-bipyridine) ruthenium (II)) (vpy is 4-vinylpyridine).
A Dbilayer film assembly consisting of poly-[(bpy)2
Ru(vpy)2 ]2+as an inner film and the aforementioned copo-
lymer of Ru/Re yields even greater reactivity to CO2; a
method of forming a polymeric film on an electrode; and a
method of reducing CO2 to CO using an electrode having a
polymeric film adsorbed to its surface.

[0007] Yacynych, U.S. Pat. No. 5,540,828 for a Method
for making electrochemical sensors and biosensors having a
polymer modified surface discloses a method for making a
sensing element for use in a sensor or biosensor that ampero-
metrically measures the concentration of an analyte in a
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liquid, includes the following sequential steps: a) obtaining
an electrode; b) immersing the electrode in a solution of
monomer that is capable of being electropolymerized into an
electrically insulating polymer; ¢) flowing an electric current
from a cathode through the solution to the electrode at a
voltage and amperage sufficient to cause the monomer to
polymerize on the surface of the electrode, thereby yielding
an electrode coated with an adherent layer of electrically
insulating polymer; and e) impregnating the polymeric coat-
ing on the surface with a sensing agent that is capable, when
contacted by a specific analyte in a chemical or biological
liquid, of generating an electroactive molecule that can be
detected amperometrically.

[0008] Yacynych et al, U.S. Pat. No. 5,286,364 for a
Surface-modified electrochemical biosensor discloses a bio-
Sensor.

[0009] Wilson et al., U.S. Pat. No. 6,814,845 for a Method
for depositing an enzyme on an electrically conductive
substrate discloses improved biosensors are provided having
excellent selectivity and stability properties, together with
methods of preparing the biosensors. A preferred biosensor
includes an electrode having enzyme deposited thereon
together with a layer of electropolymerized polymer inter-
mingled with the enzyme; a crosslinked silane film is
applied over the polymer layer, and a final coating of
polyurethane is formed over the film. In preparative proce-
dures, the enzyme is electrodeposited using an aqueous
enzyme solution containing a nonionic surfactant at a con-
centration level preferably in excess of the critical micelle
concentration of the surfactant. In the case of a glucose
sensor, the polymer layer is preferably polyphenol, while the
silane film is crosslinked (3-aminopropyl) trimethoxysilane.
The preferred biosensors have greatly enhanced selectivity
stabilities.

[0010] Haesik et al., U.S. Pat. No. 6,413,396 for an
Enzyme electrode sensor and manufacturing method thereof
discloses an enzyme electrode sensor and a fabricating
method thereof, and more particularly, an enzyme electrode
sensor which is a biosensor using electrochemical measure-
ment and a manufacturing method thereof. The sensor
includes an electrode, a first nonconducting polymer layer
formed by electropolymerization outside the electrode
wherein enzyme is immobilized in the nonconducting poly-
mer layer, a second nonconducting polymer layer in which
enzyme is not immobilized, the second nonconducting layer
formed by electropolymerization outside the first noncon-
ducting polymer layer, and an outer layer formed outside the
second nonconducting layer. The sensor selectivity is
improved as the interference of organic materials is inhib-
ited, and the interference of acetaminophen causing the
major problem with a glucose sensor is controlled effec-
tively by the sensor.

[0011] Tissue-penetrating electrochemical sensors repre-
sent a promising avenue towards the minimally-invasive
quantification of a number of relevant analytes in the physi-
ological fluid, such as interstitial fluid, blood, serum, and
plasma. Currently, to impart the ability to selectively quan-
tify chemical/biochemical analytes of interest, membranes
comprising of one or more polymers with a biorecognition
element dispersed therein are cast in a manual fashion,
keeping costs high and sensor-to-sensor uniformity low. In
this application, tissue can refer to, but is not limited to, skin,
organs, and cells.
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[0012] Prior art solutions have been concerned with the
immobilization of biorecognition elements by means of
entrapment in a polymeric membrane cast by a manual,
human-operated process (via dip or drop casting in an
aqueous- or solvent-based solution of polymer and enzyme)
or by means of the assistance of an automated liquid reagent
dispensing robot. This is a serialized process and, as a
consequence, low throughput and high device cost are
challenges that still confront skin- and tissue-penetrating
electrochemical sensor production. When performed by a
human operator, such deposition processes often result in a
sensor response characterized by a wide degree of variance
and hence sensors for clinical applications must often
undergo quality control or calibration measures on an indi-
vidual basis, thereby further impeding the transition to mass
production techniques.

BRIEF SUMMARY OF THE INVENTION

[0013] The technology disclosed herein addresses the
above challenges by disclosing a method for the automated
and parallelized co-deposition of a conducting polymer and
biorecognition element at one or more working electrodes of
a tissue-penetrating electrochemical sensor.

[0014] The present invention provides for a method to
impart the ability to selectively quantify chemical/biochemi-
cal analytes occupying physiological fluids via an automated
process that allow the precise and spatially-defined simul-
taneous deposition of a thin-film of polymer containing an
immobilized biorecognition element dispersed therein.
[0015] The technology described herein also involves a
method for automated, volume-scale functionalization of a
tissue-penetrating electrochemical sensor to yield selective
chemical or biochemical recognition capability in vivo.
[0016] The present invention delineates a method for the
simultaneous co-deposition of both an entrapment polymer
and an immobilized biorecognition element onto at least one
working electrode using an electro-deposition process for
skin- and tissue-penetrating electrochemical sensor func-
tionalization that is highly amenable to high-throughput,
automated, parallelized, and highly reproducible manufac-
turing methods that do away with the need for a human
operator during the sensor functionalization process. Indeed,
with the trend towards increasing sensor miniaturization,
conventional manual processes associated with sensor func-
tionalization to impart a selective biorecognition capability
is becoming increasingly inaccessible using a human opera-
tor and the need remains for a sensor functionalization
strategy that can be exploited along conventional precision
manufacturing lines, such as those used for the medical
device, MEMS, and semiconductor industries.

[0017] One aspect of the present invention is a tissue-
penetrating electrochemical sensor device for the quantifi-
cation of a chemical or biochemical entity in a physiological
fluid. The device comprises a tissue-penetrating electro-
chemical sensor comprising at least one spatially-defined
working electrode, and a conducting polymer film compris-
ing an organic electroactive monomer precursor and at least
one biorecognition element. The organic electroactive
monomer precursor and the at least one biorecognition
element dispersed uniformly and physically entrapped in the
conducting polymer film. The conducting polymer film is
produced by immersing the tissue-penetrating electrochemi-
cal sensor in a solution containing the at least one biomo-
lecular recognition element and the organic electroactive
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monomer precursor which is dissolved in the solution, and
wherein application of an oxidizing potential or a reducing
potential at the spatially-defined working electrode causes
the co-electrodeposition of the conducting polymer film.
[0018] Another aspect of the present invention is a method
for the fabrication of a tissue-penetrating electrochemical
sensor for the quantification of a chemical or biochemical
entity in a physiological fluid. The method includes immers-
ing a tissue-penetrating electrochemical sensor comprising
at least one spatially-defined working electrode in a solution
comprising at least one biomolecular recognition element
and an organic electroactive monomer precursor dissolved
in the solution. The method also includes applying of an
oxidizing potential or a reducing potential at the spatially-
defined working electrode, causing a co-clectrodeposition of
a polymer film from the organic electroactive monomer
precursor and the at least one biorecognition element dis-
persed uniformly and physically entrapped in the polymer
film.

[0019] The organic electroactive monomer precursor is
preferably selected for at least one of its perm-selective
properties following conversion to a thin-film of polymer, its
charge rejection properties following conversion to a thin-
film of polymer, its anti-biofouling properties following
conversion to a thin-film of polymer, its porosity following
conversion to a thin-film of polymer, its diffusion-limiting
nature following conversion to a thin-film of polymer, or its
self-limited growth during conversion to a thin-film of
polymer.

[0020] The biomolecular recognition element comprises at
least one of an enzyme, biocatalyst, inorganic catalyst,
ion-selective material, antibody, oligonucleotide, electro-
chemical redox mediator, cell, or organelle.

[0021] The tissue-penetrating electrochemical sensor fur-
ther comprises at least a reference electrode or a counter
electrode.

[0022] The oxidizing potential or reducing potential is
either a fixed potential or a time-varying potential.

[0023] The oxidizing potential or reducing potential is
applied using one of an amperometric technique, a voltam-
metric technique, a conductometric technique, or a coulo-
metric technique.

[0024] The oxidizing potential or the reducing potential is
selected to result in the formation of a precise thickness of
the conducting polymer film.

[0025] The oxidizing potential or the reducing potential is
applied for a specified time duration to result in the forma-
tion of a precise thickness of the conducting polymer film.
[0026] The oxidizing potential or the reducing potential is
selected to pass a specified amount of charge through at least
one of the working electrode to result in the formation of a
precise thickness of the conducting polymer film.

[0027] Having briefly described the present invention, the
above and further objects, features and advantages thereof
will be recognized by those skilled in the pertinent art from
the following detailed description of the invention when
taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0028] FIG. 1 is an optical micrograph of an unfunction-
alized working electrode.

[0029] FIG. 2 is an optical micrograph of the working
electrode shown in FIG. 1 following functionalization.
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[0030] FIG. 3 is an electron micrograph delineating the
surface morphology of the functionalized working electrode
provided in FIG. 2.

[0031] FIG. 4 is a block/process flow diagram illustrating
the major constituents involved in the functionalization of a
tissue- or skin-penetrating electrochemical sensor to facili-
tate chemical or biochemical quantification of various ana-
lytes in physiological fluids.

[0032] FIG. 5 is a schematic illustration delineating the
major steps involved in the co-electrodeposition of a poly-
mer-biorecognition element film on at least one working
electrode of a tissue-penetrating three-clectrode electro-
chemical sensor.

[0033] FIG. 6 is a schematic illustration delineating the
major steps involved in the co-electrodeposition of a poly-
mer-biorecognition element film on at least one working
electrode of a tissue-penetrating two-electrode electro-
chemical sensor.

[0034] FIG. 7 is a schematic illustration delineating the
major steps involved in the co-electrodeposition of a poly-
mer-biorecognition element film on at least one working
electrode of a multi-component tissue-penetrating three-
electrode electrochemical sensor, whereby each electrode is
located within an isolated tissue-penetration electrochemical
sensor.

[0035] FIG. 8 is a schematic illustration delineating the
major steps involved in the co-electrodeposition of a poly-
mer-biorecognition element film on at least one working
electrode of a tissue-penetrating two-electrode electro-
chemical sensor.

[0036] FIG.9 is a schematic representation delineating the
co-electrodeposition of a polymer-biorecognition element
film on at least one working electrode of a tissue-penetrating
electrochemical sensor.

DETAILED DESCRIPTION OF THE
INVENTION

[0037] One embodiment is a tissue-penetrating electro-
chemical sensor device for the quantification of a chemical
or biochemical entity in a physiological fluid. The device
preferably comprises a tissue-penetrating electrochemical
sensor comprising at least one spatially-defined working
electrode, and a conducting polymer film comprising an
organic electroactive monomer precursor and at least one
biorecognition element. The organic electroactive monomer
precursor and the at least one biorecognition element dis-
persed uniformly and physically entrapped in the conducting
polymer film. The conducting polymer film is produced by
immersing the tissue-penetrating electrochemical sensor in a
solution containing the at least one biomolecular recognition
element and the organic electroactive monomer precursor
which is dissolved in the solution, and wherein application
of an oxidizing potential or a reducing potential at the
spatially-defined working electrode causes the co-electrode-
position of the conducting polymer film.

[0038] Another embodiment is a method for the fabrica-
tion of a tissue-penetrating electrochemical sensor for the
quantification of a chemical or biochemical entity in a
physiological fluid. The method includes immersing a tis-
sue-penetrating electrochemical sensor comprising at least
one spatially-defined working electrode in a solution com-
prising at least one biomolecular recognition element and an
organic electroactive monomer precursor dissolved in the
solution. The method also includes applying of an oxidizing
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potential or a reducing potential at the spatially-defined
working electrode, causing a co-electrodeposition of a poly-
mer film from the organic electroactive monomer precursor
and the at least one biorecognition element dispersed uni-
formly and physically entrapped in the polymer film.
[0039] The method provides for reliably dispensing a
reagent containing at least one biorecognition at the micron-
scale, as required to functionalize microelectrodes and
microelectrode arrays. The method provides the formation
of a polymeric film containing a biorecognition element by
means of electro-polymerization enables the precise control
of the thickness of the layer as well as the formation of a
very thin layer. Past conventional methods of forming a
polymeric layer by use of drop casting, dip coating, spin
coating, or dispensing had the difficulty of controlling the
thickness of the layer, thereby forming a relatively thick and
non-uniform layer. Therefore, electro-polymerization uti-
lized in the present invention is very effective for the
reproducible formation of a layer as well as the simultaneous
realization of co-deposition of both the polymer and the
biorecognition element.

[0040] Inaddition to variations in film thickness caused by
conventional sensor functionalization approaches, these
techniques require multiple steps to create a selective, dif-
fusion-limiting, interference-rejecting sensor membrane and
it is the case that a polymeric film is cast on the electrode
following a prior biorecognition element deposition step,
which further contributes to decreased sensor uniformity and
increased manufacturing cost and time. The simultaneous
co-deposition of both the polymer and the biorecognition
element, as disclosed in the current invention, serve to
mitigate these challenges that have plagued the electro-
chemical sensor industry for some time.

[0041] Precisely-defined thin-films, whose thickness and
porosity can be precisely controlled by the suitable appli-
cation of voltage, current, or charge that is passed through
the electrode, also embody the advantage that the approach
requires minimal quantity of reagent, thereby contributing to
a reduction in cost to manufacture.

[0042] The technology disclosed herein discloses a
method for the automated and parallelized co-deposition of
a conducting polymer and biorecognition element at one or
more working electrodes of a tissue-penetrating electro-
chemical sensor. The method involves the immersion of the
electrochemical sensor in a solution of an organic electro-
active monomeric precursor (to the conducting polymer) and
biorecognition element (enzyme, antibody, etc.) and apply-
ing a fixed- or time-varying potential at one or more of the
working electrodes to instigate co-electrodeposition. This
encourages the electro-polymerization of a conducting poly-
mer film, synthesized from the monomeric precursor, onto
the working electrode surface. Because it is uniformly
dispersed in solution and often is a large molecule (larger
than the pore size of the polymer), the biorecognition
element is also entrapped, in a spatially uniform fashion, in
the polymer film and can, optionally, serve as the counter-
ion or dopant during the electro-polymerization process
through suitable choice of a biorecognition element with
appropriate isoelectric point and solution pH.

[0043] Leveraging this self-assembly process, which is
also self-limiting, the thickness and porosity of the poly-
meric film is adjusted via modification of the applied poten-
tial, current, or charge passed through the electrochemical
cell during the co-electrodeposition process. This has wide-
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ranging implications pertaining to the sensitivity, selectivity,
stability, and response time of the as-synthesized tissue-
penetrating electrochemical sensor.

[0044] The disclosed technique facilitates spatially-de-
fined deposition of precisely-controlled thin-films on one or
more working electrode surfaces and allows the sensor
designer to synthesize entrapment membranes to achieve
certain utilitarian features such as co-circulating electroac-
tive interference rejection (via perm- or charge-selectivity),
increased linearity, extended lifetime, minimal signal drift,
or reduced tendency to undergo biofouling when used in
vivo.

[0045] Simple and reproducible formations of chemically-
and biochemically-selective polymer films can be formed
with the disclosed method, which obviates the need for
multiple biorecognition element casting and polymer casting
steps by allowing for the simultaneous co-deposition of a
thin-film containing both an entrapping polymer and biorec-
ognition element. As such, the as-disclosed sensor function-
alization strategy enables parallelized sensor functionaliza-
tion without human intervention and is amenable to
implementation along assembly lines or semiconductor fab-
rication processes.

[0046] The following commercially-available components
are used in the synthesis of the sensor:

[0047] The voltage/current. source is preferably a CH
INSTRUMENTS Model 10000 Series Multi-Potentiostat,
Metrohm Autolab PGSTAT Series Potentiostat Galvanostat,
or Palmsens EmStat Potentiostat. The voltages utilized
depend on the film, and generally range from -0.2 volts to
+1.0 volts. The current transduced ranges from 10 picoAm-
peres (pA) to 100 microAmperes (LA), and is dependent on
whether a singular electrode is electro-deposited or if mul-
tiple electrodes are electro-deposited as a group.

[0048] The working electrode is preferably a CH
INSTRUMENTS CHI101 2 mm-diameter gold disc micro-
electrode, or a METROHM MF-2150 100 um-diameter
platinum disc microelectrode.

[0049] The tissue-penetrating electrochemical sensor is
preferably a subcutaneous, percutaneous, transdermal, or
intradermal sensor in which an electrical stimulus is applied
to encourage a redox reaction and in which a voltage,
current, charge, resistance, or impedance property is mea-
sured to infer the concentration of a particular chemical/
biochemical analyte of interest present in the physiological
fluid compartment in which the sensor is located. The sensor
also comprises at least one working electrode (defined
below) and at least one of a counter electrode and a reference
electrode.

[0050] The working electrode is preferably a spatially-
defined electrode whereby the electrochemical sensing
operation is to occur; functionalized with a polymer and
biorecognition element to impart the selective ability to
transduce the chemical/biochemical of interest into an elec-
trical signal. A defined voltage, current, or amount of charge
is applied as a stimulus to the working electrode to instigate
a redox reaction and a voltage, current, charge, resistance, or
impedance response is measured to infer the concentration
of a particular chemical/biochemical analyte of interest.

[0051] The organic electroactive monomer precursor is
preferably an organic monomer that is either oxidized or
reduced by the application of a suitable voltage, current, or
amount of charge on a working electrode surface and
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concomitantly electro-deposited/electro-polymerized on the
working electrode surface from a solution in which it is
dissolved.

[0052] The biorecognition element is preferably an
organic, inorganic, or biological compound that selectively
binds, catalyzes, or sieves a particular chemical/biochemical
analyte of interest and, in doing so, changes its electrical
properties (voltage, current, charge, resistance, or imped-
ance) or produces an electroactive product (H,0,, NADH,
etc.). Examples of a biorecognition element include, but are
not limited to, an enzyme, biocatalyst, inorganic catalyst,
ion-selective material, antibody, oligonucleotide, electro-
chemical redox mediator, cell, or organelle.

[0053] The conducting polymer is preferably synthesized
from the organic electroactive monomer precursor through
the process of electro-polymerization. The conducting poly-
mer serves to physically entrap the biorecognition element
in its highly porous matrix, thereby forming a thin-film with
selective sensing capabilities. Alternatively, the biorecogni-
tion element can serve as the dopant or counter-ion through
the appropriate selection of the biorecognition element’s
isoelectric point and solution pH in which the organic
electroactive monomer precursor and biorecognition ele-
ment are dissolved. The polymer can also be selected to
exhibit perm-selective, charge-selective, size-selective, or
anti-biofouling properties. The polymer film thickness pref-
erably ranges from 5 nanometers (“nm”) to 50 nm. The
thickness is primarily governed by the voltage applied, the
time that the voltage is applied, the amount of the mono-
meric precursor in the solution, and the geometry of the
electrode. The porosity of the film and the perm-selectivity
of the film are also adjusted by these factors.

[0054] The voltage or current source is either a power
supply, potentiostat, galvanostat, function generator, or any
source of electrical voltage or current. The voltage or current
source is operated to apply a particular voltage, current, or
amount of charge. The voltage or current source is termi-
nated once a certain amount of time has transpired or charge
has passed through the working electrode. The voltages
utilized depend on the film and generally range from -0.2
volts to +1.0 volts. The current transduced ranges from 10
picoAmperes (pA) to 100 microAmperes (UA), and is
dependent on whether a singular electrode is electro-depos-
ited or if multiple electrodes are electro-deposited as a
group.

[0055] The solution composition comprises the organic
electroactive monomeric precursor dissolved in H,0 and
optionally salt(s) from the group consisting of NaCl, KCl,
MgS04, CaCl2, Na2HPO4, NaH2PO4, K2HPO4, and
KH2PO4. The organic monomeric precursor is preferably
one or more of, but not limited to, the following: aniline,
pyrrole, acetylene, phenylene, phenylene vinylene, phe-
nylene diamine, thiophene, 3.,4-ethylenedioxythiophene,
aminophenylboronic acid.

[0056] The method steps of the invention include the
following: 1) Immersion of a tissue-penetrating electro-
chemical sensor in a solution of at least one of a biorecog-
nition element and an organic electroactive monomer pre-
cursor. A tissue-penetrating electrochemical sensor 100
containing, in this example, exactly one counter electrode
101, one working electrode 102, and one reference electrode
103 is immersed in a solution 104 comprising at least one of
a biomolecular recognition element and at least one of an
organic electroactive monomer precursor dissolved in said
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solution. In a two-electrode embodiment, a tissue-penetrat-
ing electrochemical sensor 100 containing, in this example,
exactly one working electrode 102 and one reference elec-
trode 103 is immersed in a solution 104 comprising at least
one of a biomolecular recognition element and at least one
of an organic electroactive monomer precursor dissolved in
said solution. 2) Application of an oxidizing or reducing
potential upon at least one working electrode contained in
electrochemical sensor. A voltage or current source 105 is
connected, in an ohmic fashion, to counter electrode 101 and
at least one of 102 and 103; a constant or time-varying
potential is applied to counter electrode 101 to pass a
controlled and pre-determined amount of current or charge
through counter electrode 101. 3) Simultaneous co-elec-
trodeposition of a thin-film of polymer comprised of organic
electroactive monomer precursor and the at least one biorec-
ognition element. Following the application of a potential,
current, or charge, the formation of a thin-film, typically on
the order of 1-100 nm, of the polymerized organic electro-
active monomer, serves to entrap the biomolecular recogni-
tion element in the highly porous matrix created therein.
This processes functionalizes the working electrode 102 of
the tissue-penetrating electrochemical sensor and allows it to
achieve the selective quantification of at least one chemical
or biochemical analyte in a physiological fluid.

[0057]

[0058] 1) an organic electroactive monomer precursor.
The organic monomer is either oxidized or reduced by the
application of a suitable voltage, current, or amount of
charge on a working electrode surface and concomitantly
electro-deposited/electro-polymerized on the working elec-
trode surface from a solution in which it is dissolved.

[0059] 2) Biorecognition element. An organic, inorganic,
or biological compound that selectively binds, catalyzes, or
sieves a particular chemical/biochemical analyte of interest
and, in doing so, changes its electrical properties (voltage,
current, charge, resistance, or impedance) or produces an
electroactive product (H,0,, NADH, etc.). Examples of a
biorecognition element include, but are not limited to, an
enzyme, biocatalyst, inorganic catalyst, ion-selective mate-
rial, antibody, oligonucleotide, electrochemical redox
mediator, cell, or organelle.

[0060] 3) Electrical stimulus. A specified and controlled
voltage, current, or amount of charge is applied. The elec-
trical stimulus is terminated once a certain amount of time
has transpired or charge has passed through the system.

[0061] The outputs of the invention are as follows: Func-
tionalized working electrode. One or more working elec-
trodes are coated with a thin-film, typically on the order of
1-100 nm, of the polymerized organic electroactive mono-
mer 110, which serves to entrap the biomolecular recogni-
tion element to form a co-deposited, highly porous polymer-
biorecognition element matrix 109. This processes
functionalizes the working electrode 102 of the tissue-
penetrating electrochemical sensor and allows it to achieve
the selective quantification of at least one chemical or
biochemical analyte in a physiological fluid.

[0062] FIG. 1 is an optical micrograph of an unfunction-
alized working electrode.

[0063] FIG. 2 is an optical micrograph of the working
electrode shown in FIG. 1 following functionalization. The
presence of a thin-film of co-electrodeposited polymer and
enzyme can be observed from the image.

The inputs of the invention are as follow:
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[0064] FIG. 3 is an electron micrograph delineating the
surface morphology of the functionalized working electrode
provided in FIG. 2.

[0065] FIG. 4 is a block/process flow diagram illustrating
the major constituents involved in the functionalization of a
tissue- or skin-penetrating electrochemical sensor to facili-
tate chemical or biochemical quantification of various ana-
lytes in physiological fluids.

[0066] FIG. 5 is a schematic illustration delineating the
major steps involved in the co-electrodeposition of a poly-
mer-biorecognition element film on at least one working
electrode of a tissue-penetrating three-clectrode electro-
chemical sensor. Briefly, a tissue-penetrating electrochemi-
cal sensor 100 containing, in this example, exactly one
counter electrode 101, one working electrode 102, and one
reference electrode 103 is immersed in a solution 104
comprising at least one of a biomolecular recognition ele-
ment and at least one of an organic electroactive monomer
precursor dissolved in said solution. A voltage or current
source 105 is connected, in an ohmic fashion, to 102 and at
least one of 101 and 103; a constant or time-varying poten-
tial is applied to 102 to pass a controlled and pre-determined
amount of current or charge through 102. This, in turn,
instigates the formation of a thin-film, typically on the order
of 1-100 nm, of the polymerized organic electroactive
monomer, which serves to entrap the said biomolecular
recognition element in the highly porous matrix created
therein. This processes functionalizes the working electrode
of the tissue-penetrating electrochemical sensor and allows
it to achieve the selective quantification of at least one
chemical or biochemical analyte in a physiological fluid.
[0067] FIG. 6 is a schematic illustration delineating the
major steps involved in the co-electrodeposition of a poly-
mer-biorecognition element film on at least one working
electrode of a tissue-penetrating two-electrode electro-
chemical sensor. Briefly, a tissue-penetrating electrochemi-
cal sensor 100 containing, in this example, exactly one
working electrode 102 and one reference electrode 103 is
immersed in a solution 104 comprising at least one of a
biomolecular recognition element and at least one of an
organic electroactive monomer precursor dissolved in said
solution. A voltage or current source 105 is connected, in an
ohmic fashion, to 102 and 103; a constant or time-varying
potential is applied to 102 to pass a controlled and pre-
determined amount of current or charge through 102. This,
in turn, instigates the formation of a thin-film, typically on
the order of 1-100 nm, of the polymerized organic electro-
active monomer, which serves to entrap the said biomolecu-
lar recognition element in the highly porous matrix created
therein. This processes functionalizes the working electrode
of the tissue-penetrating electrochemical sensor and allows
it to achieve the selective quantification of at least one
chemical or biochemical analyte in a physiological fluid.
[0068] FIG. 7 is a schematic illustration delineating the
major steps involved in the co-electrodeposition of a poly-
mer-biorecognition element film on at least one working
electrode of a multi-component tissue-penetrating three-
electrode electrochemical sensor, whereby each electrode is
located within an isolated tissue-penetration electrochemical
sensor. Briefly, three tissue-penetrating electrochemical sen-
sors 100 containing, in this example, exactly one counter
electrode 101, one working electrode 102, and one reference
electrode 103 are immersed in a solution 104 comprising at
least one of a biomolecular recognition element and at least
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one of an organic electroactive monomer precursor dis-
solved in said solution. A voltage or current source 105 is
connected, in an ohmic fashion, to 102 and at least one of
101 and 103; a constant or time-varying potential is applied
to 102 to pass a controlled and pre-determined amount of
current or charge through 102. This, in turn, instigates the
formation of a thin-film, typically on the order of 1-100 nm,
of the polymerized organic electroactive monomer, which
serves to entrap the said biomolecular recognition element in
the highly porous matrix created therein. This processes
functionalizes the working electrode of the tissue-penetrat-
ing electrochemical sensor and allows it to achieve the
selective quantification of at least one chemical or biochemi-
cal analyte in a physiological fluid.

[0069] FIG. 8 is a schematic illustration delineating the
major steps involved in the co-electrodeposition of a poly-
mer-biorecognition element film on at least one working
electrode of a tissue-penetrating two-electrode electro-
chemical sensor. Briefly, two tissue-penetrating electro-
chemical sensors 100 containing, in this example, exactly
one working electrode 102 and one reference electrode 103
are immersed in a solution 104 comprising at least one of a
biomolecular recognition element and at least one of an
organic electroactive monomer precursor dissolved in said
solution. A voltage or current source 105 is connected, in an
ohmic fashion, to working electrode 102 and reference
electrode 103; a constant or time-varying potential is applied
to working electrode 102 to pass a controlled and pre-
determined amount of current or charge through working
electrode 102. This, in turn, instigates the formation of a
thin-film, typically on the order of 1-100 nm, of the polym-
erized organic electroactive monomer, which serves to
entrap the said biomolecular recognition element in the
highly porous matrix created therein. This processes func-
tionalizes the working electrode of the tissue-penetrating
electrochemical sensor and allows it to achieve the selective
quantification of at least one chemical or biochemical ana-
lyte in a physiological fluid.

[0070] FIG. 9 is a schematic representation delineating the
co-electrodeposition of a polymer-biorecognition element
film on at least one working electrode 102 of a tissue-
penetrating electrochemical sensor. The working electrode
102 in this example is immersed in a solution 104 compris-
ing at least one of a biomolecular recognition element (107
in inset) and at least one of an organic electroactive mono-
mer precursor (108 in inset) dissolved in said solution. A
voltage or current source 105 is connected, in an ohmic
fashion, to working electrode 102; a constant or time-
varying potential is applied to working electrode 102 to pass
a controlled and pre-determined amount of current or charge
through working electrode 102. This, in turn, instigates the
formation of a thin-film, typically on the order of 1-100 nm,
of the polymerized organic electroactive monomer (110 in
inset), which serves to entrap the biomolecular recognition
element to form a co-deposited, highly porous polymer-
biorecognition element matrix 109. This processes function-
alizes the working electrode 102 of the tissue-penetrating
electrochemical sensor 100 and allows it to achieve the
selective quantification of at least one chemical or biochemi-
cal analyte in a physiological fluid.

[0071] McCanna et al., U.S. patent application Ser. No.
14/843,926, filed on Sep. 2, 2015, for a Miniaturized Sub-
Nanoampere Sensitivity Low-Noise Potentiostat System is
hereby incorporated by reference in its entirety.
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[0072] Windmiller, U.S. Provisional Patent Application
No. 62/233,323, filed on Sep. 26, 2015, for a Methods And
Devices For Embedding Sensors In Container Labels and
Packaging is hereby incorporated by reference in its entirety.
[0073] Windmiller et al., U.S. Provisional Patent Appli-
cation No. 62/233,324, filed on Sep. 26, 2015, for a Method
And System For Manufacturing Microneedles With Elec-
trodes is hereby incorporated by reference in its entirety.
[0074] Windmiller et al., U.S. Provisional Patent Appli-
cation No. 62/247,732, filed on Oct. 28, 2015, for a Method
And System For Three Dimensional Printing Of
Microneedles And Microneedle Arrays For Transdermal
Biosensing And Drug Delivery is hereby incorporated by
reference in its entirety.

[0075] Windmiller et al., U.S. Provisional Patent Appli-
cation No. 62/247,730, filed on Oct. 28, 2015, for a Sensors
For Wearable Devices is hereby incorporated by reference in
its entirety.

[0076] Windmiller et al., U.S. patent application Ser. No.
14/955,850, filed on Dec. 1, 2015, for a Method And
Apparatus For Determining Body Fluid Loss is hereby
incorporated by reference in its entirety.

[0077] Windmiller, U.S. Provisional Patent Application
No. 62/307,444, filed on Mar. 12, 2016, for a Method And
Apparatus For Determining Exhaled Carbon Loss is hereby
incorporated by reference in its entirety.

[0078] Windmiller, U.S. Provisional Patent Application
No. 62/307,445, filed on Mar. 12, 2016, for a Method And
System For Determining Physiological and Environmental
Strain Indices is hereby incorporated by reference in its
entirety.

[0079] Windmiller, U.S. patent application Ser. No.
15/177,289, filed on Jun. 8, 2016, for a Methods And
Apparatus For Interfacing A Microneedle-Based Flectro-
chemical Biosensor With An External Wireless Readout
Device is hereby incorporated by reference in its entirety.
[0080] Wang et al, U.S. Patent Publication Number
20140336487 for a Microneedle Arrays For Biosensing And
Drug Delivery is hereby incorporated by reference in its
entirety.

[0081] From the foregoing it is believed that those skilled
in the pertinent art will recognize the meritorious advance-
ment of this invention and will readily understand that while
the present invention has been described in association with
a preferred embodiment thereof, and other embodiments
illustrated in the accompanying drawings, numerous
changes modification and substitutions of equivalents may
be made therein without departing from the spirit and scope
of this invention which is intended to be unlimited by the
foregoing except as may appear in the following appended
claim. Therefore, the embodiments of the invention in which
an exclusive property or privilege is claimed are defined in
the following appended claims.

1-20. (canceled)

21. A method of fabricating a tissue-penetrating electro-
chemical sensor for quantification of a chemical entity or a
biochemical entity in a physiological fluid, the method
comprising:

applying a conducting polymer film to a surface of a

working electrode, the application comprising:

immersing an array of microelectrodes in a solution
comprising a biorecognition element and a monomer
precursor, the array of microelectrodes comprising
the working electrode; and
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applying, during the immersion of the array of micro-
electrodes in the solution, a potential at the working
electrode, the application of the potential resulting in
an electrodeposition of the conducting polymer film
on the surface of the working electrode.

22. The method of claim 21, wherein the conducting
polymer film is synthesized from the monomer precursor.

23. The method of claim 22, wherein the biorecognition
element is entrapped and dispersed uniformly in the con-
ducting polymer film.

24. The method of claim 21, wherein the monomer
precursor is dissolved in the solution.

25. The method of claim 21, wherein the electrodeposi-
tion of the conducting polymer film comprises a co-elec-
trodeposition of the biorecognition element and the mono-
mer precursor.

26. The method of claim 21, wherein the biorecognition
element comprises at least one of an enzyme, a biocatalyst,
an inorganic catalyst, an ion-selective material, an antibody,
aptamer, an oligonucleotide, an electrochemical redox
mediator, a cell, and an organelle.

27. The method of claim 21, wherein the monomer
precursor comprises an organic monomer.

28. The method of claim 21, wherein the potential com-
prises a fixed potential or a time-varying potential.

29. The method of claim 28, wherein the potential is
selected to result in a thickness of the conducting polymer
film ranging from about 5 to about 5,000 nanometers.

30. The method of claim 21, wherein the potential is
applied for a specified time duration to result in a thickness
of the conducting polymer film ranging from about 5 to
about 5,000 nanometers.

31. The method of claim 21, wherein the potential is
selected to pass a specified amount of charge through the
working electrode to result in a thickness of the conducting
polymer film ranging from about 5 to about 5,000 nanome-
ters.

32. The method of claim 21, wherein the array of micro-
electrodes further comprises another electrode, wherein the
application of the potential comprises applying the potential
between the working electrode and the other electrode.

33. The method of claim 32, wherein the other electrode
comprises a counter electrode or a reference electrode.

34. The method of claim 21, wherein the array of micro-
electrodes further comprises a counter electrode and a
reference electrode, wherein the application of the potential
comprises applying the potential between the working elec-
trode and at least one of the counter electrode and the
reference electrode.

35. The method of claim 21, wherein the array of micro-
electrodes comprises a plurality of working electrodes,
wherein the application of the potential comprises applying
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the potential at each of the plurality of working electrodes,
the application of the potential resulting in the electrodepo-
sition of the conducting polymer film on a respective surface
of each of the plurality of working electrodes.

36. A method of fabricating a tissue-penetrating electro-
chemical sensor for quantification of a chemical entity or a
biochemical entity in a physiological fluid, the method
comprising:

applying a conducting polymer film to a respective sur-

face of each of a plurality of working electrodes, the

application comprising:

immersing an array of microelectrodes in a solution
comprising a biorecognition element and a monomer
precursor, the array of microelectrodes comprising
the plurality of working electrodes; and

applying, during the immersion of the array of micro-
electrodes in the solution, a potential at the plurality
of working electrodes, the application of the poten-
tial resulting in an electrodeposition of the conduct-
ing polymer film on the respective surface of each of
the plurality of working electrodes.

37. Atissue-penetrating electrochemical sensor device for
quantification of a chemical entity or a biochemical entity in
a physiological fluid, the device comprising:

an array of microelectrodes comprising a plurality of

working electrodes; and

a conducting polymer film on a respective surface of each
of the plurality of working electrodes, the conducting
polymer film comprising a monomer precursor and a
biorecognition element, the conducting polymer film
electrodeposited on the respective surface of each of
the plurality of working electrodes in response to
immersion of the plurality of working electrodes in a
solution and application of a potential applied to each
of the plurality of working electrodes, the solution
comprising the biorecognition element and the mono-
mer precursor.

38. The device of claim 37, wherein the conducting
polymer film has a thickness of about 1 to about 100
nanometers.

39. The device of claim 37, wherein the conducting
polymer film is synthesized from the monomer precursor,
wherein the biorecognition element is entrapped and dis-
persed uniformly in the conducting polymer film, and
wherein the monomer precursor is dissolved in the solution.

40. The device of claim 37, wherein the potential applied
to each of the plurality of working electrodes ranges from
-0.5 volts to 1.5 volts.
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