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(57) ABSTRACT

Methods are provided that allow global access to redox-
based molecular information by coupling electrochemical
measurements with signal processing approaches. More
specifically, the disclosure provides methods that rely on the
use of redox probes to assay samples for redox activities that
act to exchange electrons with the probe thereby generating
detectable optical and electrochemical signature signals that
can then be assigned to a sample feature of interest. In
particular embodiments, the disclosed assay methods are
useful for diagnosis and prognosis of disorders, such as
schizophrenia, that are found to be associated with a specific
redox-based signature within a subject sample.
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REDOX PROBING FOR CHEMICAL
INFORMATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims the benefit of U.S.
Provisional Patent Application No. 62/429,610 filed on Dec.
2, 2016, entitled “REDOX PROBING FOR CHEMICAL
INFORMATION OF OXIDATIVE STRESS” and No.
62/526,576 filed on Jun. 29, 2017, entitled “SPECTRO-

ELECTOCHEMICAL DETECTION OF OXIDATIVE

STRESS” the entire contents of which are incorporated by
reference herein.

TECHNICAL FIELD

[0002] Methods are provided that allow global access to
redox-based molecular information by coupling electro-
chemical measurements with signal processing approaches.
More specifically, the disclosure provides methods that rely
on the use of redox probes to assay samples for redox
activities that act to exchange electrons with the probe
thereby generating detectable optical and electrochemical
signature signals that can then be assigned to a sample
teature of interest. In particular embodiments, the disclosed
assay methods are useful for diagnosis and prognosis of
disorders, such as schizophrenia, that are found to be asso-
ciated with a specific redox-based signature within a subject
sample.

BACKGROUND

[0003] The analysis of chemically-based redox informa-
tion within a sample, for example, a biological, soil, air and
water sample, can be useful in detecting sample markers,
¢.g., features, traits, or qualities, of interest within the
sample. Traditional approaches to access chemical informa-
tion 1 a sample focus on chemically specific analytical
methods (e.g., HPLC and mass spectrometry) (8, 9). How-
ever, such approaches have wide limitations caused by cost,
labor, time and such approaches are not translatable mto a
variety of fields. With regard to biological samples, increas-
ing evidence links aberrant redox-chemistry to the develop-
ment of various disorders and diseases that include cancer,
inflammation, cardiovascular disease, neurodegenerative
diseases, and neuropsychiatric diseases (1-4) to name a few.
Accordingly, development of a simple, rapid, objective
measurement of redox activities within a sample, which waill
be useful for both researchers and clinicians, remains a
significant challenge 1n the field.

SUMMARY

[0004] Methods are provided that allow access to chemical
redox-based molecular information by coupling electro-
chemical measurements with signaling process approaches.
More specifically, the disclosure provides methods that rely
on the use of redox probes to assay samples for redox
activities that result 1n the generation of a detectable optical,
clectrochemical, and/or mechanical signature signal that can
be assigned to a specific sample feature, trait, or quality of
interest. As used herein, redox probe, redox mediator and
clectron shuttle are used interchangeably. In such a method,
diffusible redox-probes (e.g., mediators or electron shuttles)
interactively probe a sample for redox information. In addi-
tion, 1 the presence of electrical iputs, complex redox
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contexts can be established and dynamic changes can be
detected over time which can be used to develop a more
distinctive redox-based signature. The methods disclosed
herein can be used 1n two settings. First, the methods can be
used to discover a signature signal that can be found to be
associated with a sample feature, trait, condition or quality
of mterest within a sample. Second, the methods described
herein, may be used to test a sample for the established
signature signal found to be associated with a sample
feature, trait, condition or quality of interest within a sample.

[0005] The methods of the invention can be used to assay
a wide range of different sample types, including for
example, soil, water, air, chemical compositions, pharma-
ceutical compositions, agricultural, environmental and
industrial compositions for development of specific redox-
based signatures that can be correlated to a specific sample
marker of interest. As used herein, “marker” refers to a
specific feature, trait, quality or condition of interest asso-
ciated with the sample. The marker of interest may include,
for example, the presence of a disease or disorder state 1n a
subject, the likelihood of responding to a particular disease
treatment, or the presence of contaminants 1n a pharmaceu-
tical composition, industrial composition, food, water or air
samples. In one particular aspect, the sample 1s a biological
sample which can be assay to determine the presence of a
redox-based signature for diagnosis and/or prognosis of a
specific disease or disorder, such as schizophrenia, 1n a
subject.

[0006] The present disclosure provides a system for deter-
mining the electrochemical signature of a sample compris-
ing the steps of: (1) contacting a sample with at least one
redox-mediator; and (11) detecting the generation of at least
one signal that includes but 1s not limited to a signal
indicting the redox-based signature, wherein a change in the
redox-based signature compared to a control indicates the
presence of a marker of interest. The system may further
include the step of (111) of providing electrical mput to the
sample as a sequence of oxidative or reductive pulses or
oscillating electrical iputs that serve to convert the inert
form of the redox-mediator into 1ts oxidized or reduced
forms. The output signals can be in the form of a computer
executable code.

[0007] Inembodiments, the disclosed methods provide for
(1) the discovery of signature patterns (e.g., markers) or (i1)
the routine measurement for comparison against a previ-
ously-discovered standard signature pattern (e.g., for diag-
nosis or assessment). In a specific aspect, a method for
assaying for a condition within a subject 1s provided that
relies on the use of a redox-mediator to probe a sample for
redox-based chemical information and generate a detectable
optical and electrochemical signal which would be used to
discover signature patterns or to detect patterns for com-
parison to previously-established signatures for the purpose
of characterizing said condition. Said conditions include
diseases or disorders selected from the group consisting of
inflammatory, endocrine, cardiovascular, infectious, meta-
bolic based, immunological, infectious, autoimmune, and
neurological diseases and disorders to name a few. In certain
non-limiting aspects, the condition 1s a disease or disorder
based on redox-dysiunction. As one example, a method for
detecting a condition within a sample 1s provided compris-
ing the steps of: (1) contacting a subject sample with one or
more redox-mediators; and (11) detecting the produced opti-
cal and/or chemical signals. The method may further include
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contacting the sample with an electrical mput as a sequence
of oxidative or reductive pulses that serve to convert the
form of the redox-mediator into 1ts oxidized or reduced
form. Once the produced optical and/or chemical signals
have been detected 1t can be assessed whether said signal 1s
associated with a given condition.

[0008] In a specific example, a method 1s provided for
detecting a redox-based condition, wherein said condition 1s
associated with the presence of oxidative stress, comprising
the steps of: (1) contacting a subject sample with one or more
redox-mediators; (11) detecting the produced optical and/or
chemical signals. The method may turther include contact-
ing the sample with an electrical mnput as a sequence of
oxidative or reductive pulses that serve to convert the form
of the redox-mediator into 1ts oxidized or reduced form.
Once the produced optical and/or chemical signals have
been detected i1t can be assessed whether said signal 1ndi-
cates the presence of a condition associated with oxidative
stress. For example, in a control sample, the transier of
clectrons by a normal level of reducing species within the
sample to the redox-mediator produces a specific optical or
chemical signal (1.e., the control redox-signature). Accord-
ingly, 1in a sample derived from a subject having a condition
associlated with oxidative stress, there 1s a discernable
change 1n one or more signal metrics (€.g. an attenuation or
amplification of an optical absorbance or electrical current),
when compared to a control or standard, that 1s a charac-
teristic indicator of oxidative stress.

[0009] In another aspect, a method is provided for detect-
ing a redox-based condition, whereimn said condition 1is
schizophrenia, comprising the steps of: (1) contacting a
subject sample with one or more redox-mediators; (i1)
detecting the produced optical and/or chemical signals. The
method may further include contacting the sample with an
clectrical mput as a sequence of oxidative or reductive
pulses that serve to convert the form of the redox-mediator
into 1ts oxidized or reduced form. Once the produced optical
and/or chemical signals have been detected 1t can be
assessed whether said signal possesses the characteristic
signatures associated with schizophrenia within the subject.
For example, in a control sample, the transier of electrons by
a normal level of reducing species within the sample to the
redox mediator produces a specific optical or chemical
signal (1.e., the control redox-signature). Accordingly, 1n a
sample derived from a subject having schizophrenia, there 1s
a discernable change in one or more signal metrics (e.g. an
attenuation or amplification of an optical absorbance or
clectrical current), when compared to a control or standard,
that 1s a characteristic indicator of schizophrenia.

[0010] In a specific aspect, a method 1s provided {for
diagnosis of schizophrenia that utilizes the indium salt
K IrCl, (Ir”") as a redox mediator to detect a sample’s
reducing activities and this activity can be detected by
independent optical and electrochemical modalities. In such
an 1nstance, the attenuation of the optical and electrical
chemical redox-signal observed in a control sample 1is
increased as compared to a sample derived from a patient
having schizophrenia, 1.¢., there 1s less signal attenuation in
the schizophrenia sample.

[0011] A number of different redox-mediators may be used
in the disclosed methods. Such mediators include, but are
not limited to, those redox-mediators selected from the
group consisting of iridium, ferrocene, ferricyanide, ruthe-
nium, osmium, rhodium, copper, cobalt, nickel, chromium,
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platinum and palladium, or redox-active organic molecules
such as phenolics (e.g., acetosyringone), and heterophenols
(including aminophenols and chlorophenolindophenols),
phenazines (e.g., pyocyanin), organosuliur compounds (tet-
rathialfulvaene and methylene blue), and radical precursors

(viologens or 2,2'-azino-bis(3-ethylbenzthiazoline-6-sul-
phonic acid).
[0012] In a specific aspect, the methods disclosed herein

utilize the iridium salt K IrCl, (Ir“*) as a redox mediator to
detect a sample’s reducing activities and this activity can be
detected by independent optical and electrochemical
modalities. Accordingly, 1n one aspect of the invention,
K, IrCl, (designated Ir“*) is utilized as a redox-mediator to
determine the presence of oxidative stress, or presence of
schizophrenia, within a subject sample. Ir”* is a reasonably
strong oxidant (34, 35) and has been shown to accept
clectrons from a broad range of biologically relevant reduc-
tants (36) including, for example, GSH,(37) ascorbate,(38)
and cysteine.(39) The use of an iridium-based reducing
assay has the advantage of a high sensitivity to GSH which
1s an especially important attribute for probing serum for
information on the presence of oxidative stress disorders
such as schizophrenia. The transfer of electrons from a
reducing species in the sample to the Ir”* mediator results
in the generation of both optical and electrochemical signals
which are particularly convenient for rapid, point-oi-care
analysis ol samples.

[0013] Subject samples that may be used to measure levels
of reducing activity 1n a sample include, for example, blood,
sweat, urine, saliva and serum sample. In a specific aspect of
the invention, serum samples are utilized in the practice of
the disclosed assay methods.

[0014] In particular aspects, the methods disclosed herein
are uselul 1n the diagnosis, prognosis and monitoring of
treated subjects with conditions associated with specific
redox-based signatures. The imnvention 1s useful in determin-
ing or adjusting the treatment of conditions associated with
a specific redox-based signature, for example, those mani-
tested by abnormal levels of reducing activity. In a particular
embodiment of the invention, the methods disclosed herein
can be used 1n the diagnosis, prognosis or for following the
treatment of patients afllicted with schizophrenia which has
been shown to be associated with abnormal levels of reduc-
ing activity.

[0015] In another aspect, a method 1s provided for moni-
toring a redox-based condition, wherein said condition 1s
schizophrenia, comprising the steps of: (1) contacting a
subject sample derived from a patient being treated for
schizophrenia with one or more redox-mediators; (1) detect-
ing the produced optical and/or chemical signals. The
method may further include contacting the sample with an
clectrical mput as a sequence of oxidative or reductive
pulses that serve to convert the form of the redox-mediator
into 1ts oxidized or reduced form. Once the produced optical
and/or chemical signals have been detected, the detected
signal 1s compared to the detected signal 1n samples derived
from the subject as they progress through treatment, wherein
it can be assessed whether said signal indicates a response to
drug treatment within the schizophrenic subject.

[0016] In addition, kits are provided that may be used to
detect a redox-based signature within a test subject. Such
kits, may comprise, for example, components as described
herein for assaying for reducing activity within a sample and
instructions for determining the level of reducing activity 1n
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the sample isolated from a subject. The kit may further
include a means for contacting the sample with an electrical
iput as a sequence of oxidative or reductive pulses that
serve to convert the form of the redox-mediator into its
oxidized or reduced form. In one aspect, the test subject can
be one suspected of being afilicted with schizophrenia.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] Various embodiments of the present invention are
described herein with reference to the drawings wherein:

[0018] FIG. 1A-E shows qualitative validation of an Ir-
reducing assay. FIG. 1A shows scheme for redox-probing to
access chemical information of oxidative stress. FIG. 1B
shows that the Ir“* mediator reports reducing activities of a
sample as attenuations in optical and electrochemical sig-
nals. FIG. 1C shows optical signal (absorbance) attenuation
and FIG. 1D electrochemical signal (reductive charge)
attenuation of Ir“* in the presence of a reduced glutathione
(GSH). FIG. 1E shows observed signal attenuations of Ir“*
when incubated with various reductants (measurements
were performed in quadruplicate and error bars indicate

standard deviation).

[0019] FIG. 2A-D shows quantitative validation of Ir-
reducing assay. FIG. 2A shows optical signal attenuation and
FIG. 2B shows electrochemical signal attenuation relative to
the concentration of individual reductants. FIG. 2C shows
consumed Ir“* to oxidize individual reductant versus con-
centration of reductants. FIG. 2D shows the correlation
between optical signal attenuation and electrochemical sig-
nal attenuation (N=17, r=+0.99). Measurements were per-
formed 1n quadruplicate and error bars indicate standard
deviation.

[0020] FIG. 3A-D demonstrates the comparison of Ir-
reducing assay with other methods. FIG. 3A 1s a scheme
illustrating commercial Cu-reducing assay. FIG. 3B shows
optical signal (absorbance) of CuOX when incubated with
various reductants. FIG. 3C shows optical signal increase of
CuOX relative to the concentration of individual reductants.
FIG. 3D shows GSH sensitivity of Ir-reduction assay com-
pared with other methods (data from Ir-reduction and Cu-
reduction assays were experimentally measured while the
best {it lines were from Cao et al. (1998) (49). Measurements
in parts b-d were performed 1n triplicate (all error bars
indicate standard deviation).

[0021] FIG. 4A-F shows clinical testing of reducing
capacity of healthy control and schizophrenia groups. FIG.
4A shows reducing capacity of filtered serum and FIG. 4B
shows serum for healthy control (N=5) and schizophrenia
(N=10) groups. Reducing capacity was measured by the
commercial Cu-reduction method and the Ir-reduction
method with both electrochemical and optical detection.
FIG. 4C shows measurement of total sulthydryl groups
(—SH) 1n serum samples of healthy control and schizophre-
nia groups. FIG. 4D shows a correlation between total
sulthydryl groups and Ir-reducing capacity (electrochemical
detection) of serum sample (N=13, r=+0.57, p=0.026). FIG.
4E shows recerver operating characteristic (ROC) curves for
electrochemical Ir-reduction method, Cu-reduction method,
and Fllman’s total sulthydryls assay for diagnosis of the
schizophrenia group from the healthy control group. FIG. 4F
demonstrates a correlation between Ir-reducing capacities
measured electrochemically and optically (IN=13, r=+0.96).
Measurements 1n parts A-C were performed 1n quadruplicate
(error bars indicate standard deviation).
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[0022] FIG. SA-D shows a correlation of Ir-reducing
capacity with age and symptom severity. FIG. SA demon-
strates correlations between Ir-reducing capacity assay
(electrochemical detection) and age or symptoms as mea-
sured by the brief psychiatric rating scale (BPRS). FIG. 3B
shows a correlation between of Ir-reducing capacity and age
for healthy control and schizophrema groups. FIG. 5C
shows a correlation between Ir-reducing capacity and anxi-
cty/depression symptom. FIG. 5D shows a correlation
between Ir-reducing capacity and positive (psychosis) symp-
tom.

[0023] FIG. 6 depicts a spectroelectochemical (SEC)
assay. The SEC-cell allows dynamic measurements through
two modalities. Initial experiments demonstrate that when
the oxidative voltage in “ON” the color of the oxidized Ir
(Ir”*) emerges and this optical signal is attenuated when
serum components react with the Ir”*. Signal attenuation is
greater for the healthy control (HC) versus the oxidatively
stressed schizophrenia person (SC).

[0024] FIG. 7A 1illustrates our signal processing approach
in which a sample (e.g., diluted serum) 1s actively probed for
redox-based chemical information using tailored chemical
and electrical signals.

[0025] FIG. 7B shows three quantitative signal metrics
determined from this on-pulse: the electrical output (charge
transferred; Q=/idt), optical output (absorbance 488 nm) and
a cross-modal response between the optical and electrical
output signals (quantified as a slope). To 1nitiate probing, an
oxidative mput pulse of +0.65 V was imposed for 1 min to
generate Ir* and then the electrical and optical responses
were monitored over time. A fourth signal metric 1s mea-
sured during the off period and this metric 1s the first order
rate constant for decay 1n the optical signal.

[0026] FIG. 7C demonstrates that when buffered solutions
were prepared with individual chemical components that are
expected to contribute antioxidant activity to serum (con-
centrations were selected to approximate serum concentra-
tions), complex signal outputs for these components where
observed and these differences are reflected 1n differences 1n
the observed signal metrics.

[0027] FIG. 8A shows representative results for a bullered
Ir solution and a solution with 10-fold diluted serum when
a three pulse-redox-relaxation sequence was selected.
[0028] FIG. 8B shows high correlations between signal
metrics generated during the first pulse.

[0029] FIG. 8C shows correlations between serum com-
ponents and two signal metrics.

[0030] FIG. 8D shows the decay 1n the optical signal after
the mitial 1 min pulse input I shows statistically significant
differences between the schizophrenia and control groups. A
second metric, of the relative charge ratio during the final
input pulse III, also shows statistically significant discrimi-
nating capabilities.

DETAILED DESCRIPTION

[0031] The accompanying drawings, which are incorpo-
rated 1n and constitute a part of the specification, illustrate
embodiments of the disclosure and, together with a general
description of the disclosure given above, and the detailed
description of the embodiment(s) given below, serve to
explain the principles of the disclosure.

[0032] Methods are provided that allow access to chemical
redox-based molecular information by coupling convenient
measurements such as multimodal spectroelectrochemical
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measurements with signal processing approaches. More
specifically, the disclosure provides methods that rely on the
use of redox probes to assay samples for reducing activities
that result 1n the generation of a detectable optical and
clectrochemical signature signal that can be assigned to a
specific sample feature, trait, or quality of interest
(“marker”) within the sample. In such a method, diffusible
redox-active species (e.g., mediators or electron shuttles)
interactively probe a sample for redox information and,
when present, imposed electrical inputs establish complex
redox contexts that can be used to develop a redox-based
signature.

[0033] The methods of the invention can be used to assay
a wide range of different sample types, including {for
example, soil, water, air, chemical compositions, pharma-
ceutical compositions, agricultural and industrial composi-
tions for development of specific redox-based signatures that
can be correlated to a specific sample marker of interest. For
example, a soi1l sample can be probed using the methods
provided herein to determine the chemical and biological
features of the soil. In yet another example, an air sample
may be analyzed to detect certain characteristics (e.g.,
pollutants) 1n the air.

[0034] In certain aspects of the invention, a spectroelec-
trochemical reaction cell containing specific redox media-
tors and a means for providing electrical mput, may be
placed mm a specific environmental medium, where the
environmental medium diffuses into the cell, to determine
the electrochemical signature of that environment. For
example, an electrochemical or spectroelectrochemical
device may be placed mm a specific environment (for
example, air, water, soil, reaction or manufacturing vessel)
ol interest, for detection of the redox signature, e.g. marker,
ol interest.

[0035] As disclosed herein a signal pattern, signature
pattern, electrochemical signature, or spectroelectrochemi-
cal signature are used interchangeably, can be found to be
associated with a specific feature, trait, quality or condition
ol interest found within a sample. The specific feature, trait,
quality or condition of interest may include, for example, the
presence ol a disease or disorder state 1 a subject, the
likelihood of responding to a particular disease treatment, or
the presence of contaminants in a pharmaceutical composi-
tion, industrial composition, food, water or air samples. In
one particular aspect, the sample 1s a biological sample
which can be assay to determine the presence of a signature
pattern for diagnosis and/or prognosis of a specific disease
or disorder, such as schizophrenia, 1n a subject.

[0036] In a specific embodiment, a method for assaying
for a condition within a subject 1s provided that relies on the
use of a redox-mediator to probe a sample for redox features.
These features are detectable by optical and electrochemical
measurements associated with reactions of the mediator.
These measurements are the signals that form a signature
signal known to be characteristic for said condition. In
certain aspects, the condition 1s a disease or disorder based
on redox-dysfunction. As one example, a method for detect-
ing a condition within a sample 1s provided comprising the
steps of: (1) contacting a subject sample with one or more
redox-mediators; and (1) detecting the produced optical
and/or chemical signals. The method may further include
contacting the sample with an electrical mput as a sequence
of oxidative or reductive pulses that serve to convert the
form of the redox-mediator into 1ts oxidized or reduced
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form. Once the produced optical and/or chemical signals
have been detected 1t can be assessed whether said signal 1s
associated with a given condition.

[0037] In a specific aspect of the invention, subject bio-
logical samples can be analyzed to develop a specific
redox-based electrochemical signature that can act as a
marker for the presence of a certain condition wherein said
condition 1s a disorder or disease. As one example, the
disclosed methods may be used to assay for the presence of
a redox-based condition wherein the condition 1s one of
redox-dysiunction within a subject. Such redox-dystunction
can result from damage caused by reactive oxygen species
(and other reactive species) and 1s regarded as an 1imbalance
between pro-oxidant and anti-oxidant activities. Such dis-
orders, including, for example, cancer, inflammation, car-
diovascular disease and mental health disorders. inflamma-
tion and are integral features ol abnormal redox-reactions.

[0038] The present disclosure provides simple, rapid, and
robust methods to probe subject samples for chemical infor-
mation relevant to redox-reactions 1n a subject sample, for
example, for detection of redox-dystunction. The present
disclosure 1s based, at least 1n part, on the observation that
the level of reducing activity 1n a serum sample can be
measured through the use of redox-mediators that generate
detectable optical and electrochemical signals upon electron
transier. Such redox-mediators may also be used 1n conjunc-
tion with an electrical mput as a sequence of oxidative or
reductive pulses that serve to convert the form of the
redox-mediator into i1ts oxidized or reduced form for detec-
tion of pattern signatures from dynamic changes over time.
As exemplified in the working examples, such methods can
be used for assaying for the presence ol schizophrenia
within a subject.

[0039] In a specific example, a method 1s provided for
detecting a redox-based condition, wherein said condition 1s
associated with the presence of oxidative stress, comprising
the steps of: (1) contacting a subject sample with one or more
redox-mediators; (11) detecting the produced optical and/or
chemical signals. The method may further include contact-
ing the sample with an electrical input as a sequence of
oxidative or reductive pulses that serve to convert the form
of the redox-mediator into 1ts oxidized or reduced form.
Once the produced optical and/or chemical signals have
been detected it can be assessed whether said signal 1ndi-
cates the presence of a condition associated with oxidative
stress. For example, in a control sample, the transfer of
clectrons by a normal level of reducing species within the
sample to the redox-mediator produces a specific optical or
chemical signal (1.e., the control redox-signature). Accord-
ingly, 1n a sample derived from a subject having a condition
assoclated with oxidative stress, there 1s a discernable
change 1n one or more signal metrics (€.g. an attenuation or
amplification of an optical absorbance or electrical current),
when compared to a control or standard, that 1s a charac-
teristic indicator of oxidative stress.

[0040] In another aspect, a method is provided for detect-
ing a redox-based condition, wheremn said condition 1is
schizophrenia, comprising the steps of: (1) contacting a
subject sample with one or more redox-mediators; (i1)
detecting the produced optical and/or chemical signals. The
method may further include contacting the sample with an
clectrical mput as a sequence of oxidative or reductive
pulses that serve to convert the form of the redox-mediator
into 1ts oxidized or reduced form. Once the produced optical
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and/or chemical signals have been detected 1t can be
assessed whether said signal indicates the presence of
schizophrenia within the subject. For example, 1n a control
sample, the transfer of electrons by a normal level of
reducing species within the sample to the redox mediator
produces a specific optical or chemical signal (i.e., the
control redox-signature). Accordingly, 1n a sample derived
from a subject having schizophrenia, there 1s a discernable
change 1n one or more signal metrics (€.g. an attenuation or
amplification of an optical absorbance or electrical current),
when compared to a control or standard, that 1s a charac-
teristic indicator of schizophrema.

[0041] The provided assay methods for detecting a redox-
based condition are based on the ability to measure the
transier of electrons by a wide range of sample components
(reductants), within a patient sample, to a redox-mediator
and 1n doing so generate a detectable optical and chemical
signal. Such reductants can be detected through the use of
redox-mediators that accept the transierred electrons. Such
redox-mediators include, for example, those redox-media-
tors selected from the group consisting of irndium, ferrocene,
ferricyanide, ruthemum, osmium, rhodium, copper, coballt,
nickel, chromium, platinum and palladium, or redox-active
organic molecules such as phenolics (e.g., acetosyringone),
and heterophenols (including aminophenols and chlorophe-
nolindophenols), phenazines (e.g., pyocyanin), organosuliur
compounds (tetrathialfulvaene and methylene blue), and
radical precursors (viologens or 2,2'-azino-bis(3-ethylbenz-
thiazoline-6-sulphonic acid).

[0042] The choice of the redox-mediator to be used 1n the
disclosed methods will rely on the type of sample being
tested and the desired marker being searched for. A given
redox-mediator can be chosen for a specific reaction because
of its unique reactivities. In some instances, redox-mediators
with varying redox potentials may be used. In some
instances, multiple redox-mediators may be used and tested
to determine the quality and quantity of redox-mediators that
are then subsequently used to provide the greatest ability to
discriminate between a control sample and a sample having
the particular marker of interest. Additionally, the sample
may be contacted with the redox-mediator for diflerent
periods of assay times. In one, non-limiting example, the
sample may be contacted with the redox-mediator for 30
minutes. In other examples, the sample may be contacted
with the redox-mediator for periods of time greater than or
less than 30 minutes. The contact times to be used are those
that provide the greatest ability to discriminate between a
control sample and a sample having the particular marker of
interest or balance the needs for other factors (e.g., assay
speed and convenience), and can be determined by one or
ordinary skill in the art. In addition to redox-mediators, the
sample may further be provided with an electrical iput as
a sequence ol oxidative or reductive pulses or oscillating
clectrical inputs that serve to convert the form of the
redox-mediator 1nto 1ts oxidized or reduced form. Such dual
modality reactions, which utilize multiple redox-mediators
as well as varied electrical iputs, permit the detection of
unique and distinctive signatures from dynamic changes
over time.

[0043] In a specific aspect, the methods disclosed herein
utilize the iridium salt K, IrCl, (Ir”") as a redox mediator to
detect a sample’s reducing activities and this activity can be
detected by independent optical and electrochemical
modalities. Accordingly, 1n one aspect of the invention,
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K, IrCl, (designated Ir“*) is utilized as a redox-mediator to
determine the presence of oxidative stress, or presence of
schizophrenia, within a subject sample. Ir”* is a reasonably
strong oxidant (34, 35) and has been shown to accept
clectrons from a broad range of biologically relevant reduc-
tants (36) including, for example, GSH, (37) ascorbate,(38)
and cystemne (39). The use of an idium-based reducing
assay has the advantage of a high sensitivity to GSH which
1s an especially important attribute for probing serum for
information on the presence of oxidative stress or schizo-
phrenia. The transfer of electrons from a reducing species in
the sample to the Ir”* mediator results in the generation of
both optical and electrochemical signals which are particu-
larly convenient for rapid, point-of-care analysis of samples.

[0044] In certain aspects, methods include contacting the
sample with redox-mediators 1n conjunction with an elec-
trical input as a sequence of oxidative or reductive pulses or
oscillating electrical inputs that serve to convert the form of
the redox-mediator 1nto 1ts oxidized or reduced form. The
clectrical input 1s in the form of that the oxidative voltages
can at one time be above and at another time be below the
mediator’s standard redox potential E” values. Cyclic vol-
tammetry (CV) experiment can be performed, for example,
over several hours. The use of redox-mediators, in combi-
nation with electrical input can detect patterns from dynamic
changes overtime resulting 1n more sensitive assays

[0045] Subject samples that may be used to assay for a
specific redox-based condition, include, for example, bio-
logical samples such as blood, sweat, urine, saliva and serum
samples. In a specific aspect of the invention, serum samples
are utilized in the practice of the disclosed assay methods.
According to some embodiments the serum 1s purified, or
isolated away from other blood components, in a collected
blood specimen. In another embodiment, serum samples are
turther filtered to remove bio-macromolecules (MW=>10
dDa) prior to testing of the serum sample. Further, the serum
sample may be diluted prior to use in the disclosed assay
methods. Serum may be diluted depending on signal
strength and dilutions may range from 5x to 10,000x.
Methods for purnification of serum from collected blood
samples are routine and well known to those of skill 1n the
art

[0046] Measurements of the optical and/or electrochemi-
cal output signals, and comparisons to normal control levels,
allow one to assess for the presence of a redox-mediated
condition within the subject. In such an instance, an altera-
tion 1n the optical and electrochemical signal (redox-signa-
ture), as compared to control levels, can indicate the pres-
ence ol the specific feature, trait, quality or condition of
interest. “Alteration” as it relates to measured optical and
clectrochemical signaling, refers to statistically significant
alterations (increases or decreases) of mndividual or combi-
nations of signal metrics as would be recognized by persons
skilled 1n the relevant art.

[0047] Determining, measuring or quantitying the level of
clectrochemical activity within a test sample may be per-
formed by a variety of methods well known 1n the art. For
example, the methods and assays of the invention may
include, without limitation, the use of a redox-mediator
coupled with detection of optical and electrochemical sig-
nals. For optical signal, recordings can be made using a
microplate reader. For inndium based assays, the absorbance
1s measured at 488 nm. For electrochemical measurements,
cyclic voltammetry (CV), chronocoulometry (CC), or spe-
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cific sequence of electrical pulses may be performed, for
example, to measure the electrochemical signal.

[0048] In a specific aspect of the invention, Ir“* is added
to a diluted serum sample and the mixture 1s allowed to
undergo redox reactions with electron transfer from serum
components to IR?* to IR***. An optical modality is based
on the observation that the oxidized Ir“* has a strong
absorbance at 488 nm while IR*** has little absorbance. An
clectrical modality 1s based on an electrochemical titration
of the remaining oxidized Ir“*. If Ir“* is reduced during
incubation with the serum sample, then attenuations will be
observed 1n both end-point optical and electrical measure-
ments. Accordingly, lower observed reducing activities are
associated with redox-dysiunction. Thus, 1n samples derived
from subjects suflering from redox-dysftunction, there will
be an observed alteration in both optical and electrical
measurements as compared to samples derived from control
or normal subjects.

[0049] In an aspect of the invention, which can increase
the discriminating power of the assay methods, an assay
system 1s provided to access redox-based molecular infor-
mation within a sample globally by coupling electrochemi-
cal measurements with signal processing approaches. In
such an assay system, the chemical input comprises one or
more diffusible redox-active species (e.g., mediators or
clectron shuttles) that can exchange electrons with a wide
range of components and report electron exchange by redox-
state-dependent optical and electrical outputs. The electrical
input comprises a sequence of oxidative voltage pulses or
oscillating electrical mputs that serve to convert the inert
reduced forms of the mediators into an oxidized form which
diffuses into the sample 1n “search” of electron-rich com-
ponents. The output optical and electrical responses can be
measured simultaneously using a perforated electrode in a
spectroelectrochemical cell and can be used to detect the
presence of redox-based signatures within a sample.

[0050] Through the use of multiple redox-mediators 1n
combination with oxidative voltage pulses or oscillating
clectrical mputs, electrochemical signatures may be 1denti-
fied that correlate with a specific condition or, which cor-
relate with the severnity of said disorder, or with an 1ndication
of successtul treatment of a disease or disorder. In a specific
aspect, a serum sample can be probed with a single mediator
and 1mposed voltages can be imposed that at one time 1s
above and at another time is below the mediator’s E” value.
In another aspect of the assay system, redox probing may be
extended from use of one redox-mediator to use of multiple
redox-mediators and probed over a broader range of volt-
ages to detect more diverse redox interactions. A spectro-
clectrochemical cell can be used to impose diverse electrical
inputs and detect optical and electrochemaical responses over
several hours.

[0051] The disclosed methods for detecting redox-based
conditions may be used for diagnosis or prognosis of a test
subject who 1s afllicted with a chronic, or acute disorder, or
a flare-up (1.e., a sudden appearance or worsening of the
symptoms of a disease or condition) associated with a
redox-dysfunction state. According to embodiments of the
invention, detection of a level of reducing activity 1n a
subject sample that 1s sigmificantly lower than 1ts level 1n a
healthy control subject sample indicates an unfavorable
redox-condition 1n said subject. Such disorders include, but
are not limited to, inflammation, cancer, cardiovascular
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disease, neurodegenerative disease and neuropsychiatric
diseases to name a few. In a particular embodiment, the
disorder 1s schizophrema.

[0052] In another aspect, a method 1s provided for moni-
toring a redox-based condition, wherein said condition 1s
schizophrenia, comprising the steps of: (1) contacting a
subject sample derived from a patient being treated for
schizophrenia with one or more redox-mediators; (1) detect-
ing the produced optical and/or chemical signals. The
method may further include contacting the sample with an
clectrical mput as a sequence of oxidative or reductive
pulses or oscillating electrical mputs that serve to convert
the form of the redox-mediator into 1ts oxidized or reduced
form. Interactions of the mediators with sample components
can be detected to generate optical and/or chemical signals,
the detected signal 1s compared to the detected signal in
samples derived from an untreated subject, wherein 1t can be
assessed whether said signal indicates a response to drug
treatment within the schizophrenic subject.

[0053] As disclosed herein, a system i1s provided to
execute the described method of the present invention. In
embodiments, the disclosed systems provide for (1) the
discovery of signature patterns (e.g., markers) or (11) the
routine measurement for comparison against a previously-
discovered standard signature patter (e.g., for diagnosis or
assessment). In various embodiments, determining electro-
chemical or spectroelectrocemical signature of samples may
include a software program that 1s capable of accessing the
resultant electrochemical or spectroelectrocemical signature
and correlating the signature to a trait or property. The step
of correlating may include comparing the resultant signature
to a control or a database of signatures.

[0054] In one embodiment, a system for implementing the
above-described method may include (1) an 1dentification
module programmed to identily executable code of the
clectrochemical or spectroelectrocemical signature that 1s to
be analyzed; (11) an analyzer module programmed to per-
form analysis of the executable code to identify one or more
objects which the executable code may be used to compare
and correlate the data of the signature; (111) an 1dentification
module programmed to use a result of the analysis to track
the one or more objects 1dentified during the analysis; (1v) an
output module programmed to provide the output in terms of
the sample or property of interest, and (v) at least one
computer processor configured to execute the 1dentification
module, the analyzer module, the 1dentification module and
output module. In some embodiments, the analyzer module
may further include a training module to train the analyzer
to 1dentity and correlate the signature that discriminates the
sample and control data set and/or may include a feedback
module that autonomously adjusts the mmput stimuli to dis-
cover mputs that generate signatures with greater discrimi-
nating capabilities. Any executable training method or feed-
back method performed by a computer 1s considered to be
within the scope of the mvention.

[0055] In examples, the above-described method and sys-
tem may be encoded as computer-readable instructions on a
computer-readable-storage medium. One or more computer
systems may be utilized with one or more executable
instructions having one or more storage mediums. For
example, a computer-readable-storage medium may include
one or more computer-executable instructions that, when
executed by at least one processor of a computing device,
may cause the computing device to (1) identily executable
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code of the electrochemical signature; (i11) to analyze the
executable code and compare and correlate the data of the
signature; (111) to track the one or more objects 1dentified
during the analysis, (1v) to provide feedback that autono-
mously adjusts the mput stimuli to discover inputs that
generate signatures with greater discriminating capabilities
and (1v) output the result of the sample or property of
interest.

[0056] In addition, kits are provided that may be used to
detect a redox-based signature within a test subject. Such
kits, may comprise, for example, components as described
herein for assaying for reducing activity within a sample and
instructions for determining the level of reducing activity 1n
the sample isolated from a subject. The kit may further
include a means for contacting the sample with an electrical
input as a sequence ol oxidative or reductive pulses that
serve to convert the form of the redox-mediator into its
ox1idized or reduced form. In one aspect, the test subject can
be one suspected of being afilicted with schizophrenia.

[0057] Features from any of the above-mentioned embodi-
ments may be used i combination with one another in
accordance with the general principles described herein.
These and other embodiments, features, and advantages will
be more fully understood upon reading the following
detailed description 1n conjunction with the accompanying
drawings and claims.

EXAMPL.

(L]
-

Materials and Methods

Chemicals

[0058] The following were purchased from Sigma-Al-
drich: K2IrCl6 (I1V), K3IrCl6 (I1II), glutathione (reduced,
GSH), glutathione (oxidized, GSSG), ascorbic acid, uric
acid, 3,5'-dithio-bis(2-nitrobenzoic acid) (DTNB), phos-
phate bufllered saline (PBS). The water (>18 M¢£2) used in
this study was obtained from a Super (Q water system
(Millipore). A stock solution of 0.5 mM K,IrCl (IV) was
prepared in PBS (pH 7.4).

Serum Samples and Symptom Assessment

[0059] Recruitment of people to participate 1 a clinical
study designed to collect blood samples occurred between
May 2015 and August 2016. Blood samples were collected
from the Maryland Psychiatric Research Center, University
of Maryland School of Medicine. Two populations were
recruited, people with a DSM-IV diagnosis of schizophrema
or schizoaflective disorder and a population of individuals
without a major psychiatric diagnosis. All participants com-
pleted data collection procedures 1n a single 1-2 h study
visit. Additionally, participants provided detailed clinical
information. Blood samples (45 mL) were collected using 6
tubes of BD Vacutainers and centrifuged at 3000 rpm. The
resulting supernatant was removed using disposable plastic
1 mL pipets. It was apportioned mto 1 mL aliquots and
stored at —80 ° C. 1n a freezer belore analysis. To assay
serum, the frozen serum was thawed at room temperature 1n
the air for 30 min and then 1t was kept 1n an ice bath before
the measurement.

[0060] The study to collect human serum from people with
schizophrenia and healthy controls was approved by the
University of Maryland School of Medicine IRB, and
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informed consent was obtained from all study participants
prior to the research procedure.

[0061] A trained interviewer imterviewed the people with
schizophrenia to assess the Briel Psychiatric Rating Scale
(BPRS), a clinical evaluation that rapidly provides measure-
ment of clinical symptoms. The BPRS total score as well as
five domain scores are calculated (positive, negative, anxi-
cty/depression, hostility, and activation).

[0062] Research stafl tasked with the collection of bio-
logical samples and protected health information have com-
pleted the requisite training and implemented standard pro-
cedures as required by The State of Maryland Department of
Mental Health and Hygiene (DHMH) and the Umiversity of
Maryland School of Medicine. Informed consent was
obtained from each participant after reviewing relevant risks
and benefits for the project. Successtul completion of the
Evaluation to Sign Consent was also required to demonstrate
participant understanding of the voluntary nature of
research, study tasks, and risks. The respective Institutional
Review Boards for the University of Maryland and DHMH
have approved this project and specified its conduct as
having minimal risk to research participants. Instrumenta-
tion

[0063] Electrochemical measurements (cyclic voltamme-
try (CV)) and chronocoulometry (CC)) were performed to
measure the electrochemical signal (CHI420a electrochemi-
cal analyzer, CHInstruments, TX). For the electrochemical
assay, a screen-printed carbon paste electrode (CHlInstru-
ments, TX) with carbon working and counter electrodes was
used, and a Ag/AgCl reference electrode. The optical signal
was recorded using a microplate reader (SperctraMax M2,

Molecular Devices, Calif.).

[

Ir-Reducing Capacity Assay in Bufler

[0064] A stock solution of 10 mM K,IrCl, and stock
solutions of ascorbic acid (1 mM) and glutathione (GSH, 1
mM), oxidized glutathione (GSSG, 1 mM), trolox (1 mM)
and uric acid (0.4 mM) were prepared 1n 0.1 M PBS (pH
7.4). A portion of each antioxidant stock solution was added
into a 96 well-plate to generated 0 (blank), 20 uM, 40 uM,
60 uM, 80 uM, 100 uM antioxidant solutions. The 0.1 M
PBS was added to each well to bring the volume to 95 ulL.
In each well, 5 uLL of 10 mM K2IrCl6 (final concentration
0.5 mM) was added, mixed by pipetting and incubated for 30
min at room temperature. After that, the absorbance was
measured at 488 nm using a microplate reader (optical
measurement). For an electrochemical measurement, 100 pL
of the mixture from each well was dropped onto a screen-
printed electrode by covering all of the electrodes (working,
counter, and reference electrodes). A constant potential of O
V was applied to the electrode, and the charge was measured
for 1 min using a chronocoulometry technique. All data
shown in FIG. 1E and FIG. 2 were averaged from the
measurements 1n quadruplicate, and the error bar indicates

standard deviation (s.d.).

Ir-Reducing Capacity Assay 1n Filtered Serum

[0065] For a reducing capacity assay in filtered serum,
microcon centrifugal filter device (EMD Millipore, Mass.)
was used to remove biomacromolecues (MW>10 kDa) from
serum. Serum was pipetted mto the device and the assembly
was placed 1 a centrifuge (Centrifuge 3415c¢, Eppendort)
and spun at 14 000 g. The filtrate was used for reducing
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capacity assay. A volume of 10 uL. of filtered serum was
added 1nto a 96 well plate containing 85 ul. of 0.1 M PBS,

and then 5 ul. of 10 mM K2IrCl6éwas added to each well
(this procedure results 1n a 10-fold dilution of the filtered
serum ). After adding the filtrate, bufler, and mediator, the
solution was mixed by pipetting and incubated for 30 min at
room temperature. The optical and electrochemical
responses were measured as described above.

Ir-Reducing Capacity Assay 1 Serum

[0066] For areducing capacity assay 1n serum, serum was
first diluted 20-fold with 0.1 M PBS and 2 uL of diluted
serum was added 1nto a 96 well plate containing 93 ul. 01 0.1
M PBS, and then 5 uLL of 10 mM K.,IrCl solution was added
to each well (this procedure results 1n an overall 1000-fold
dilution of the filtered serum). After adding the solutions,
mixing by pipetting and incubating for 30 min at room
temperature, the optical response and electrochemical
response were measured as described above. All data shown
in FIG. 4 were averaged from the quadruplicate measure-
ments and the error bar indicates standard deviation.

Cu-Reducing Capacity Assay

[0067] To compare the measured reducing capacity, a
commercial reducing capacity assay was performed (cupric
reducing antioxidant capacity (CUPRAC) assay, MAK187
from Sigma-Aldrich). To measure the reducing capacity of
the sample, a portion of sample was added mnto a 96
well-plate and water was added to each well to bring the
volume to 50 uL. In each well, 50 uLL of Cu(ll) working,
solution provided 1n an assay kit was added, mixed by
pipetting and incubated for 30 min at room temperature.
After incubation, the absorbance was measured at 570 nm
using a microplate reader (optical measurement). All data
shown 1n FIG. 3 were averaged from the triplicate measure-
ments, and the error bar indicates standard deviation.

Measurement of Total Sulthydryl Groups of Serum Samples

[0068] Total sulthydryl groups of serum samples were
assayed according to manufacturer’s mstructions (Quantifi-
cation of Sulthydryls, Uptima, Interchim). A dilution builer
(30 mM Tr1is HCI, 3 mM EDTA, pH 8.2) and DTNB working
solution (3 mM 1n methanol) were prepared. As a standard
for the free sulthydryl group (— SH) assay, we prepared
GSH solutions (0.1 mM to ~1 mM 1n dilution bufler). A
volume of 20 ul of sample or standard solution, 75 ulL of
dilution butfler, 25 ul. of DTNB reagent, and 400 ul. of
methanol were added into a microcentrifuge tube. After 5
min incubation, the mixture was centrifuged at 3000 g for 5
min at room temperature. The supernatant was transierred
into a microplate. The optical absorbance was measured at
412 nm. All data shown in FIG. 4C were averaged from the
quadruplicate measurements, and the error bar indicates
standard dewviation.

Statistical Analysis

[0069] The calculation of p-values 1 FIG. 4 was per-
formed using a mixed design analysis of variance
(SPANOVA). Recerver operating characteristic (ROC)
curves for the antioxidant assays in FIG. 4E was determined
utilizing OriginPro (OriginLLab Corporation), and values
were determined for area under curve (AUC) as shown in
FIG. 4, the 95% confidence intervals, and the p-values.
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Relationships between reducing capacity and age or BPRS
scores 1n FIG. 5 were assessed using Pearson’s correlation

coellicient. p-values 1n FI1G. 5 were obtained from regression
analysis (ANOVA).

Results

Assay Development

[0070] FIG. 1A depicts scheme for redox probing to
access chemical information of oxidative stress. Top, chemi-
cal information relative to oxidative stress in the blood.
Bottom, the redox-mediator (K, IrCl,, Ir“") is used to probe
for reducing activities and reports this information through
optical and electrochemical modalities.

Qualitative Validation of Redox Probe

[0071] K.,IrCl.(IV), designated Ir®*, was used to probe
serum samples for redox information. As illustrated 1in FIG.
1B, Ir“" is a yellowish iridium(IV) complex that becomes
colorless upon reduction to iridium(III), designated Ir**” .
As demonstrated 1 FIG. 1B, the basis of the method 1s that
Ir“* is added to our serum sample to probe for reducing
activities 1n the serum. Such reduction reactions can be
detected by attenuations in either an optical signal associated
with the loss of the yellow color or an electrical signal
associated with a subsequent electrochemical titration of the
remaining Ir".

[0072] Attenuation of the optical signal 1s 1llustrated 1n
FIG. 1C, which shows Ir“* (0.5 mM) has two strong
absorbance peaks at 420 and 488 nm and these peaks are
absent in the spectrum for Ir**”. Addition of the biological
reductant glutathione (GSH; 60 uM) to the Ir* solution and
incubation for 30 min was observed to attenuate this optical
signal. Data shows attenuation 1s nearly complete after 30
min incubation although incubations may take place over
extended periods of time, for example one or more hours, or
for times less than 30 minutes.

[0073] Attenuation of the electrochemical signal associ-
ated with the reduction of Ir“* is illustrated in FIG 1D. For
these measurements, a sample containing of Ir“* ul) was
dropped onto the surface of a screen-printed 3 electrode
system. Screen-printed electrodes were chosen because they
are convenient, nexpensive, sensitive, and portable and thus
are suitable for a point of-care analysis.(44) Reduction of
[r“* is achieved using a constant imposed potential of 0 V
vs Ag/AgCl. FIG. 1D shows the reductive charge transier for
[r“* as measured by this Chronocoulometry method. While
solution containing the oxidized Ir“* shows a high reductive
charge transfer after 1 min (Q=80 mC), the solution con-
taining the reduced Ir**” shows minimal charge transfer
(Q=1 mC). FIG. 1D shows that the addition of GSH to the
Ir“* solution and incubation for 30 min leads to an attenu-
ation of the reductive charge transier.

[0074] The equations in FIG. 1E show how attenuation of
the optical signal (absorbance at 488 nm) and electrochemi-
cal signal (reductive charge transfer, QQ, after 1 min at 0 V)
was quantified. FIG. 1E also shows experimental results for
the signal attenuation associated with various components.
The reductant GSH shows the largest signal attenuation
while the oxidized form of GSH, GSSG, shows the lowest
signal attenuation (~6% of GSH attenuation). Uric acid and
ascorbic acid are common reductants imn blood and they
showed intermediate signal attenuation. FIG. 1E also shows
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comparatively small signal attenuation for the commonly
used antioxidant standard trolox.

[0075] Insummary, FIG. 1 provides evidence that Ir“* can
probe for redox information (e.g., the presence of reductants
in a sample) and can report this information as an attenuation
of signals through two separate modalities (optical and
clectrochemical). Importantly, the results in FIG. 1E show
good agreement 1n the measured attenuations between these
two modalities.

Quantitative Validation

[0076] Intuitively, the reduction of Ir”* and attenuation of
the signals are expected to be linearly dependent on the
concentration of reductants in the sample. To test this
expectation, Ir”* (0.5 mM) was mixed with varying con-
centrations of individual reductant, incubated for 30 min and
measured signal attenuation. FIG. 2A shows that attenuation
of the optical signal increased linearly with concentration for
various reductants. Similarly, FIG. 2B shows attenuation of
the electrochemical signal 1s linearly dependent on the
reductant concentration. The slopes of the plots of FIGS.
2A-2B provide a measure of the reductant’s ability to reduce
[r* and this Ir-reducing capacity follows the trend
GSH>>uric acid ascorbic acid>trolox for both the optical
and electrochemical measurements. At higher reductant con-
centrations signal attenuation 1s complete and no longer
sensitive to reductant levels.

[0077] Table 1 lists proposed reactions associated with the
reduction of Ir* by the various reductants. In the absence of
0., it has been reported that the predominant Ir”™ oxidation
of GSH 1s a 6 eclectron transfer to generate sulifonate
(GSO,—), while minor amounts of the oxidized disulfide
(GSSG) are formed.(37, 45-477). Additional data shows GSH
oxidation reactions that have been proposed to explain these
stoichiometries. In the presence of O,, experimental mea-
surements showed the transier of 4.2 electrons from GSH to
[r“* although no reactions were proposed.(37) This stoichio-
metric value of 4.2 1s similar to the value of ~4.5 observed
in FIG. 2C.(37). For the case of ascorbic acid (AA), Table
1 shows a 2 electron transfer to Ir“* was reported,(38) which
1s also consistent with the calculated value (~2.2) observed

in FIG. 2C.

TABLE 1

Reaction stoichiometries with Ir“/Ir(IV)

Reductants  Reaction Stoichiometry with Ir¥*/Ir(IV) Ref
Glutathione 6 Ir(IV) + GSH + 3H,0—6 Ir(IIl) + GSO;” + 37
TH'
(GSH) 2 Ir(IV) + 2GSH — 2 Ir(IIl) + GSSG + 2HY 37
Ascorbate 2 Ir(IV) + HOA — 2 I(III) + A + 2H" 38
Cysteine 6 Ir(IV) + HSCH,CHNH,COO™ + 3H,0 — 39, 45
6 Ir(IIl) + HO3;SCH,CHNH-,COO™ + 7H"
Quinols 2 Ir(IV) + H,Q —2 Ir(III) + Q + 2H™ 73
[0078] The correlation between the optical and electro-

chemical signals 1s shown in FIG. 2D, which shows a
cross-plot of the attenuation percentages for the two modali-
ties. As expected, there 1s a strong linear correlation 1n the
attenuation of these two signals (correlation coeflicient,
r=0.995).

[0079] Several commercial methods have been developed
to measure the global reducing capacity of a sample.(14, 15)
These methods are based on the electron transfer from
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reductants 1 a sample to an added oxidant (probe), which
causes a color change of the probe. Measurements were
performed with one standard commercial method, the cupric
reducing antioxidant capacity (CUPRAC) assay, to compare
with the Ir-reduction method because the CUPRAC method
has recently been used to measure total antioxidant activities
in serum.(48) As shown in FIG. 3A, this commercial assay
1s based on a sample’s ability to transier electrons to a
colorless Cu(Il) (CuOX) solution to generate a purple-
colored Cu(l) (Cu™*”). The color change associated with
this reaction 1s momtored by measuring the absorbance at
570 nm. In contrast to the Ir-reducing assay where the
signals are attenuated in the presence ol reductant, the
optical signals for the Cu-reducing assay increase in the
presence of reductants.

[0080] FIG. 3B shows the optical response (absorbance at
570 nm) when the Cu“* probe was mixed with various
reductants and incubated for 30 min. As expected, the
reduced glutathione (GSH) shows a positive response 1n this
assay while the oxidized glutathione (GSSG) shows no
response. FIG. 3B also shows the optical response of Cu“*
varted depending on the reductant tested. For instance,
ascorbic acid showed the highest response in this Cu-
reduction assay.

[0081] To quantitatively measure the reducing capacity of
various reductants, the Cu“”* probe was mixed with varying
concentrations of an individual reductant, incubated for 30
min and measured the absorbance at 570 nm. FIG. 3C shows
the optical response 1s proportional to the concentration of
reductant being tested. As observed in FIG. 2, the slopes in
the plot of FIG. 3C can be related to a reductant’s reducing
capacity. With the Cu-reduction assay, ascorbic acid has the
highest reducing capacity and GSH has the lowest with the
tollowing trend: ascorbic acid >uric acid=~trolox >GSH. This
trend 1s different than that observed with our Ir-reduction
assay (FIG. 2). Thus, despite the fact that both assays are
based on an electron-transfer reduction mechanism, the
redox probes (Ir”* or Cu“*) have differing sensitivities for
accepting electrons from reductants.

[0082] In addition to the Cu-reduction assay, several other
global assays have been developed to assess a sample’s total
antioxidant activities. These methods have been prominently
applied to foods to provide a single-value measure of
antioxidant activities for the purpose of understanding and
comparing health beneficial properties of foods.(14, 15)
These methods have also been extended to clinical samples
in an elflort to provide a quantitative measure useful for
characterizing oxidative stress.(10, 49, 50) Typically, these
assays are based on either a hydrogen atom transter (HAT)
or electron transter (ET) mechanism.(14, 15, 48) HAT-based
assays measure the ability of an antioxidant to scavenge ree
radicals by hydrogen donation and these methods include
oxygen radical absorbance capacity (ORAC) and total radi-
cal-trapping antioxidant parameter (IRAP). In ET-based
assays, the reducing capacity of reductants in a sample 1s
measured by transferring an electron from the reductant to
an oxidant probe that could be metals, carbonyls, and
radicals.(15)The widely used E'T-based assays are the trolox
equivalent antioxidant capacity (TEAC) assay, the ferric 1on
reducing antioxidant power (FRAP) assay, the N,N-dim-
cthyl-p-phenylenediamine (DMPD) assay, and the Cu-re-
duction (CUPRAC) assay of FIG. 3A.

[0083] FIG. 3D shows the sensitivity of these various
antioxidant assays to GSH. The Ir-reducing assay, using
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cither the optical or electrochemical signals, shows com-
paratively high sensitivity to GSH compared to commercial
Cu-reducing (CUPRAC) assay. Previous literature reports
provided a comparison of the GSH-sensitivity for the
ORAC, TEAC, and FRAP methods, and the best-fit lines
from these studies are also shown i FIG. 3D.(49) These
lines show that these standard methods have a comparatively
low sensitivity for GSH, which 1s also consistent with
reports that the FRAP assay has low sensitivity for detecting
thiols 1n biological fluids.(15) One possible explanation for
the greater sensitivity of the Ir-reducing assay for GSH 1s the
more oxidative redox potential of the Ir”* mediator. Table 2
lists the redox potentials for each redox probe (1.¢., oxidant)
for the various reducing capacity assays. It 1s important to
note however that thermodynamic explanations based on
redox potentials may not be suflicient to explain differences
in these methods because there can be significant kinetic
barriers to electron transier reactions. For instance, FIG. 3D
shows the FRAP assay 1s unable to detect GSH despite the
tact that the Fe(Ill) oxidant has a more oxidative redox
potential compared to that for the Cu(ll) oxidant of the

CUPRAC method that 1s able to detect GSH.

TABLE 2

Redox potentials of various redox probes

Assay Redox potential References
Ir-reduction Assay +0.67 V vs Ag/AgCl This work
(Ir(IV)/Ir(I1))
CUPRAC assay +0.4 V vs Ag/Ag(Cl 48, 74
(Cu(Il)/Cu(l))
FRAP assay +0.57 V vs Ag/Ag(Cl 48
(Fe(Ill)/Fe(1l))
TEAC assay +0.48 V vs Ag/AgCl 75
(ABTST™*/ABTRS)

[0084] In summary, the Ir-reducing assay uses Ir“* as an

oxidative probe and reports mnformation through either opti-
cal or electrochemical modalities. This method can detect
reducing-activities from various reductants and 1s especially
sensitive to GSH. GSH (and thiols 1n general) are believed
to be important endogenous biological antioxidants yet these
compounds are rather sluggish 1n transferring electrons and
thus methods to detect biothiols often require special media-
tors (1.e., oxidative probes) or nanoparticles for their oxida-
tion.(51-35) Not surprisingly, conventional antioxidant
capacity assays developed for food applications are rather
isensitive to GSH: phenolics and ascorbate (not thiols) are
considered to be the important food antioxidants and thus
special attention to GSH was not required for developing
antioxidant measures for food analysis. For clinical appli-
cations, however, the high GSH-sensitivity of the Ir-reduc-
Ing assay may be an especially important asset when probing
serum samples for redox information on oxidative stress.

Clinical Testing

[0085] The underlying principles of this study are that (1)
blood serum contains chemical information on oxidative
stress, and (11) this chemical information can be accessed by
a global (1.e., chemically nonspecific) method of redox
probing (10). Direct testing 1s currently impossible because
of the 1ill-defined nature of oxidative stress, as well as
uncertainties of which individual chemical species are the
best markers of oxidative stress. Initial support for these
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principles 1s provided by an experiment 1n which serum was
treated with an oxidative stressor (1.e., H,O, ) and the change
of its reducing capacity was measured. Supporting data
shows that the addition of oxidative stressor (0.5 mM H,O,)
decreased the reducing capacity of serum by up to 50%.,
which might be associated with the oxidation of amino acids
by this stressor.(56-58) The focus of this study 1s a less
direct, but potentially more important, test of these prin-
ciples by evaluating correlations between measurements
from the Ir-reduction assay and independent clinical mea-
sures ol disease. For this, serum samples measurements
from ten people diagnosed with schizophrenia and five
healthy controls, were evaluated for possible correlations
with clinical measures of disease (note: as in previous
measurements, O, was not excluded during serum analysis).
Growing evidence suggests oxidative stress plays an impor-
tant role in schizophrenia.(43, 59-61) Importantly, no inde-
pendent blood tests are currently widely used by clinicians

to assist 1n diagnosing or evaluating the treatment response
of schizophrema.(62)

Comparison of Schizophrema and Healthy Control Groups

[0086] In imitial studies, proteins were removed from
serum by filtering the serum using a centrifugal membrane
filter (molecular weight cutofi=10 kDa), the filtrate was
diluted 10-fold with phosphate buflered saline (PBS), and
then the diluted filtrate was analysed by both the commercial
Cu-reduction assay and the Ir-reduction assay (with both
optical and electrochemical detection). Analysis of serum
filtrates 1s expected to detect reducing contributions from
low molecular weight components of serum such as ascorbic
acid (AA), a-tocopherol, p-carotene, ubiquinol, glutathione
(GSH), uric acid (UA), and bilirubin (49, 63). For compari-
son purposes, reducing capacity were normalized in terms of
trolox equivalents, which 1s the common standard used for
antioxidant reducing assays (15). FIG. 4A compares the
serum filtrate’s reducing capacity between the schizophrenia
and control groups. The commercial Cu-reducing assay
shows no differences between these serum filtrates (p=0.54),
while the Ir-reducing assay shows serum ({iltrates from
healthy controls have nonsignificant but higher average
reducing capacity compared to those from the schizophrenia
group (p=0.23).

[0087] In addition to measuring serum {filtrates, measure-
ments were performed on serum after diluting the serum
1000-1old with PBS. Additional data shows that after 1000-
fold dilution, the serum absorbance approaches that of the
bufter background. FIG. 4B shows that when these serum
samples were evaluated by the commercial Cu-reducing
assay, no significant differences were observed between
schizophrenia and control groups (p=0.63). In contrast,
results from the Ir-reducing assay show considerably higher
reducing capacities for serum from control group compared
to serum from the schizophrenia group (p <0.005). Also, the
Ir-reducing assay with serum (FIG. 4B) showed greater
discriminating abilities compared to results with filtered
serum (FI1G. 4B).

[0088] One possible explanation for the ability of the
Ir-reducing assay to detect diflerences between the control
and schizophrenmia groups (compared to the commercial
Cu-reducing assay), 1s the greater sensitivity of the Ir-
reducing assay to sulthydryl groups as observed 1n FIG. 3D.
To evaluate this possibility, serum was assayed for total
sulthydryl groups (e.g., GSH and protein sulthydryls) using
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a modified Ellman’s method (64-66). FIG. 4C shows that the
serum from control group has higher sulthydryl values
compared to serum from the schizophrenia group. FIG. 4D
shows a modest positive correlation (N=15, r=+0.57, p=0.
026) between total sulthydryl group assay and the Ir-reduc-
ing capacity as measured electrochemically. This correlation
indicates that the higher Ir-reducing capacity 1s modestly
related to higher levels of total sulthydryls. Thus, 1t appears
that the higher sulthydryl content in the serum from healthy
controls 1s partially responsible for the higher measured
Ir-reducing capacity.

[0089] The clinical diagnostic performance of the assay
was characterized using a receiver operating characteristic
(ROC) curve analysis to determine 1f the measurements
could discern the schizophrenia group from the healthy
controls (62, 67, 68). In this method, the area under the ROC
curve (AUC) for a perfect diagnostic test would be 1.0 while
a random test would yield a value of 0.5. As shown in FIG.
4E, the calculated AUC values for the Ir-reducing capacity
assay (with electrochemical detection) for serum was deter-
mined to be 0.92 (95% confidence nterval (CI): 0.76-1.08;
p=0.01), which compares to the value of 0.6 for the Cu-
reducing serum assay (95% CI, 0.26-0.94; p=0.54) and 0.86
for the Ellman’s free sulthydryl group assay of serum (95%
CI, 0.63-1.09; p=0.03). Thus, this analysis provides addi-
tional support that the Ir-reducing assay accesses clinically
useiul chemical information.

[0090] To further evaluate the Ir-reducing assay results for
serum samples (FI1G. 4B), a cross-plot between optical and
clectrochemical measurements was prepared. FIG. 4F shows
a strong correlation between these two independent mea-
surement modalities (N=13, r=+0.96) even 1n serum analy-
S1S.

[0091] In summary, the results in FIG. 4 indicate that the
Ir-reducing capacity measurements with diluted serum can
distinguish the schizophrenia group from the control group.
The lower observed reducing activities in the serum of the
schizophrenia group 1s consistent with suggestions that
oxidative stress 1s linked to schizophrenia (43, 59).

Ir-Reducing Capacity Correlations to Age and Disease
Severity

[0092] The original free radical theory of aging hypoth-
esized that aging results from cumulative damage associated
with free radicals (69) and several studies have established
correlations between age and various markers of oxidative
damage (70, 71). I the Ir-reducing assay accesses important
chemical information on oxidative stress, then one would
expect correlations between age and Ir-reducing capacity.
FIG. 5A-B shows inverse correlations between age and
Ir-reducing capacity for the individual schizophrenia and
control groups as well as for the overall population of both
groups. Importantly, the boxed regions 1n FIG. 5B show that
if an age cutofl of 350 years i1s applied to the data, the
Ir-reducing assay can fully distinguish the schizophrenia
group irom healthy controls (p <0.05). Specifically, the two
overlapping data points 1n FIG. 4F are for the oldest healthy
controls.

[0093] Potentially, the Ir-reducing assay 1s accessing
chemical information on oxidative stress that 1s related to the
severity of symptoms in people with schizophrenia, and thus
correlations might be expected between Ir-reduction capac-
ity and independent climical measures of symptom severity.
The most widely used scale for measuring psychotic symp-
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toms 1s the brief psychiatric rating scale (BPRS), which 1s
based on a clinician’s interview and observations of the
patient (72). The BPRS scale considers several i1tems, and
higher scores indicate more severe symptoms. FIG. SA
shows statistical information for correlations between these
composite psychotic symptoms and Ir-reducing capacity for
the 10 persons in the schizophrenmia group. As expected,
most symptoms show a negative correlation between symp-
tom severity and Ir-reduction capacity (i.e., greater symptom
severity 1s correlated to greater oxidative stress). The stron-
gest correlation was observed between anxiety/depression
and Ir-reducing capacity (N=10, r=-0.74, p=0.015) 1n FIG.
5C, while the weakest correlation was observed for the
negative symptom. The positive symptom (psychosis) also
showed a high correlation between symptom severity and
Ir-reducing capacity (N=10, r=-0.64, p=0.048) 1n FIG. 5D.

[0094] In summary, the mitial climical results 1 FIG. 5
further support a conclusion that the Ir-reduction assay
accesses chemical information that could be useful for
understanding and managing diseases that are believed to be
linked to oxidative stress.

[0095] Clinicians routinely assess patients using simple
physical measurements that provide global information in a
timely manner (e.g., measurements of temperature, pulse
and blood pressure). Blood contains valuable chemical
information on a patient’s health, and blood tests are rou-
tinely used to access specific chemical information (e.g., of
individual metabolites, antibodies, or biomarkers). For the
case ol oxidative stress, a focus on specific (vs global)
chemical information may be less helpful to clinicians for
two reasons. First, acquiring specific chemical information
often requires specialized instrumentation in centralized
laboratories which generally means this chemical informa-
tion 1s not available 1n a timely manner. Second, for the case
of oxidative stress, i1t 15 not clear what specific chemical
information 1s most relevant. As a result, for diseases such
as schizophrenia, clinicians do not even use chemical 1nfor-
mation for diagnosis or assessment. A method 1s disclosed to
access global chemical information on oxidative stress.
While the development of this method was guided by
chemical/medical intuition (e.g., a requirement for high
GSH sensitivities), this method 1s not chemically specific
but more broadly probes for redox-information. Clinical
evaluations indicate this method may access valuable chemi-
cal information while the speed and simplicity of the method
suggests this information could be available at the point-oi-
care.

[0096] In addition to providing timely chemical informa-
tion at the point-oi-care, it 1s believed there 1s a second
potential advantage of the Ir-reducing assay. If this mea-
surement proves to be a reliable indicator to assist in the
diagnosis and assessment of symptom severity, then these
measurements could become an important investigational
tool. For instance, this measurement could provide clinical
researchers with a readily measurable objective target to
assess therapeutic iterventions. Alternatively, experimental
research to unravel the chemical basis of the Ir-reduction
signal could discover clues of the molecular mechanisms
important 1n oxidative stress. Such a “reverse engineering”
of the Ir-reduction signal can provide a complementary
approach to alternative, instrument-intensive discovery
approaches (i1.e., -omic based methods). In summary, the
Ir-reduction assay described herein 1s important because 1t
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provides simple near-real-time access to important global
chemical information 1n serum.

[0097] Described herein 1s a simple, rapid, and robust
method to probe serum for chemical information relevant to
oxidative stress. This irndium-reducing assay uses K,IrCl,
(Ir*") as a redox-mediator to detect the serum’s reducing
activities and can detect this activity by independent optical
and electrochemical modalities. Compared to alternative
global reducing assays, the Ir-reducing assay has a high
sensitivity to GSH which 1s an especially important attribute
for probing serum for information on oxidative stress. Initial
clinical evaluations show that the Ir-reducing assay can
discern a schizophrenia group (N=10) from healthy controls
(N=5, p <0.0035) and showed an inverse correlation between
reducing activities and the severity of the anxiety/depression
(N=10, r=-0.74, p=0.013) and psychosis symptoms (IN=10,
r=—0.64, p=0.048) for the schizophrenia group. In conclu-
sion, the Ir-reducing assay accesses global chemical infor-
mation on oxidative stress with the sensitivity, speed, and
simplicity required for point-of-care measurement. This
chemical measurement can complement other global physi-
cal measures (e.g., temperature and blood pressure) used
routinely for the rapid clinical evaluation of a patient’s
status.

EXAMPLE II

[0098] Spectroelectrochemical (SEC) Assay.

[0099] End-point assays are expanded to a dynamic mea-
surement and from one single measurement modality to the
simultaneous measurement of two modalities (optical and
clectrical) and these will enhance the power of the assay as
an industry-desired platform. Specifically, the SEC cell of
FIG. 6 will be used. FIG. 6 shows preliminary results with
10x diluted serum from the most-oxidatively stressed
schizophrenia person (Sc) and a least-oxidatively stressed
healthy control (HC). The central plot 1n FIG. 6 shows that:
(1) when the electrode voltage is switched “ON”, Ir"*” is
oxidized and a yellow color associated with oxidized Ir
(Ir“*) emerges, and (ii) when the voltage is switched “OFEF”
the optical signal (yellow color) decays. When serum 1s
included with Ir**”, the emergence of color is attenuated
during the “ON” step and the signal decay 1s more rapid
during the “OFF” step: both diflerences occur because
components 1n the serum react with the oxidized Ir. At the
right 1n FIG. 3 1s a cross-plot between the optical signal
(vellow color) and electrical signal (number of electrons
transierred to oxidize Ir). Both plots show significant dis-
crimination between the most-oxidatively stressed Sc and a
least-oxidatively stressed HC. These results show that SEC
1s a powerlul tool to reverse engineer serum samples to
discover oxidative stress (OxSt) signatures that discriminate
the schizophrenia and control groups, and better correlate to
clinical measures of symptom severity.

[0100] The SEC-cell allows dynamic measurements
through 2 modalities. Initial experiments show that when the
oxidative voltage 1s “ON” the color of the oxidized Ir
emerges; this optical signal 1s attenuated when serum com-
ponents react with the Ir. Signal attenuation 1s greater for the
healthy control (HC) vs the oxidatively stressed schizophre-
nia person (Sc).

[0101] OxSt measurements can be combined for end-point
or dynamic measurements with clinical data from the
schizophrenia and control groups to identily confounding
influences. For instance, studies have identified a strong
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negative correlation between age and OxSt, and when an age
cut-oll was applied, 1t was possible to completely discrimi-
nate the schizophrenia and control groups. A General Addi-
tive Model (GAM) may be implemented to test for con-
founding and modifying factors and evaluate the statistical
significance (p<0.05) of these interactions.

EXAMPLE III

[0102] FIG. 7A 1llustrates a signal processing approach 1n
which a sample (e.g., diluted serum) 1s actively probed for
redox-based chemical information using tailored chemical
and electrical signals. The chemical mput added to the
sample 1s an iridium-based redox-mediator that can
exchange electrons with a wide range of components (e.g.,
glutathione) and report electron exchange by redox-state-
dependent optical and electrical outputs (Kim, E. et al.
Redox Probing for Chemical Information of Oxidative
Stress. Anal. Chem. 89, 1583-1592 (2016))The electrical
iput 1s a sequence of oxidative voltage pulses that serve to
convert the inert reduced form of iridium (designated Ir***)
into its oxidized form (designated Ir“*) which diffuses into
the sample 1 “search™ of electron-rich components. Such
redox-probing can globally access information of reactive
oxidants (e.g., Iree radicals) and the redox-state of protective
reductants, as well as discerning oxidative damage (e.g.,
oxidized protens). The output optical and electrical
responses are measured simultaneously using a perforated

clectrode 1n a spectroelectrochemical cell illustrated 1n FIG.
TA.

[0103] The measurement approach 1s illustrated using
buflered solutions of the physiological antioxidant gluta-
thione (GSH) with added Ir*%*. To initiate probing, an
oxidative mput pulse of +0.65 V was imposed for 1 min to
generate Ir“* and then the electrical and optical responses
were monitored over time (FIG. 7B). Electron exchange
between Ir”" and this antioxidant enables redox-cycling
which amplifies the electrical current and attenuates the
optical absorbance. FIG. 7B shows three quantitative signal
metrics determined from this on-pulse: the electrical output
(charge transferred; Q=/idt), optical output (absorbance 488
nm) and a cross-modal response between the optical and
clectrical output signals (quantified as a slope). After the 1
min oxidative pulse the mput voltage 1s turned ofl allowing
a redox-relaxation of the optical signal which decays more
rapidly 1n the presence of GSH. The first-order rate constant
for this decay 1n optical absorbance serves as a fourth signal
metric (FIG. 7B). As expected, the results show a systematic
variation 1n the four signal metrics with variations in GSH
concentration.

[0104] In a second control study, buflered solutions were
prepared with individual chemical components that are
expected to contribute antioxidant activity to serum (con-
centrations were selected to approximate serum concentra-
tions). F1G. 7C shows more complex signal outputs for these
components and these differences are reflected 1n differences
in the observed signal metrics. In particular, the reactive
bilirubin shows large amplification in the electrical output
and a rapid decay 1n the optical signal, while the more slowly
reacting albumin shows less amplification in the electrical
signal and a slowly decaying optical signal. These observa-
tions 1llustrate that the spectroelectrochemical measurement
and the four quantitative signal metrics possess molecule-
dependent and concentration-dependent information.




US 2019/0346400 Al

[0105] To demonstrate the potential of the signal process-
ing approach, schizophrenia was used as an initial clinical
example. Schizophrenia 1s a complex poorly understood
disease that lacks simple objective measures and thus blood
tests are currently unavailable to assist clinicians 1n diagno-
s1s, assessment and management. Emerging research indi-
cates oxidative stress 1s strongly linked to schizophrenia.
Accordingly, active probing of a serum sample for redox-
based chemical information may reveal valuable global
signatures.

[0106] To probe clinical serum samples, a three pulse-
redox-relaxation sequence was selected and FIG. 8 A shows
representative results for a buflered Ir solution and a solution
with 10-fold diluted serum. The first and second pulses,
designated I and I, are short (1 and 3 min) oxidative voltage
(+0.65 V) pulses that are each followed by an ofl-voltage
that allows decay of the optical signal. The final pulse mput,
III, 1s a 3 min oxidative voltage (+0.65 V) immediately
stepped down to a less oxidative voltage (+0.45 V) for 3 min.
These two voltages bracket the redox potential of Ir (E°=+
0.57 V vs. Ag/AgCl). For the control Ir solution during pulse
input III: (i) the +0.65 V step oxidizes Ir**” to generate Ir“*
and results 1n an oxidative electrical current and a growing
optical signal; and (ii) the +0.45 V step reduces Ir“* back to
[r**” leading to a reversal in currents and a rapid decay in
optical signal. For the sample (Ir plus diluted serum) during
pulse input I1I, FIG. 8A shows that the step to +0.45 V leads
to a short reversal of currents followed by a resumption in
oxidation. Presumably serum components are being electro-
chemically oxidized at +0.45 V as suggested by the ther-
modynamic plot at the right 1n FIG. 8A. Input III leads to
two additional signal metrics based on ratios of the charge
transier observed during the +0.65 V pulse and the +0.45V
pulse (these metrics are 1llustrated at the lower right 1n FIG.
8A).

[0107] Using the above imput pulse sequence, 15 clinical
serum samples were probed: 10 from persons diagnosed
with schizophrenia and 5 from healthy controls. Each
sample was measured 1n triplicate and each measurement
results 1n 14 quantitative metrics (4 each for mput pulses I
and II, and 6 for pulse mput III). These signal metrics were
then compared to independent measurements of serum com-
position and clinical assessments.

[0108] One expectation 1s an internal consistency among
signal metrics and this is 1llustrated by the two plots 1 FIG.
8A which show high correlations between signal metrics
generated during the first pulse. A second expectation, 1s that
the signals generated should be related to the underlying
chemical composition of the serum. Each of the 15 serum
samples tested was independently analyzed by a central
laboratory for several chemical components. Albumin and
uric acid are the macromolecule and small molecule anti-
oxidants present 1n serum at the highest concentrations (Cao,
G. & Prior, R. L. Comparison of different analytical methods
for assessing total antioxidant capacity of human serum.
Clinical Chemistry 44), and FIG. 8C shows correlations
between these serum components and two signal metrics.
Ascorbic acid 1s also expected to be an important antioxidant
in serum, but less significant correlations are observed with
our signal metrics presumably because of the comparatively
lower serum ascorbic acid concentrations. In summary, these
correlations indicate that the signals generated from this
pulse-redox-relaxation sequence are internally consistent
and are accessing relevant chemical information in serum.
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[0109] Finally, it was assessed whether the objective
redox-based chemical features that are characterized by our
signal metrics can be correlated to clinical assessments (1.e.,
a diagnosis of schizophrenia) that resulted from subjective
clinical evaluations. FIG. 8D shows the decay in the optical
signal after the mitial 1 min pulse input I shows statistically
significant differences between the schizophrenia and con-
trol groups. A second metric, of the relative charge ratio
during the final 1put pulse III, also shows statistically
significant discriminating capabilities.
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What 1s claimed:

1. A method for determiming chemaically based signatures
comprising the steps of: (1) contacting a sample with at least
one redox-mediator; (1) optionally providing an electrical
input to the sample; and (11) detecting the generation output
signals from sensor modalities.

[T]
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2. The method of claim 1, wherein the sensor modalities
are electrochemical, optical, and/or mechanical.

3. The method of claim 1, wherein the presence of the
clectrochemical or spectroelectrochemical signal signature
as compared to a control sample indicates the presence of a
sample feature, trait, condition or quality of interest within
a sample.

4. The method of claim 1, wherein the sample 1s dertved
from soil, water, air, chemical compositions, pharmaceutical
compositions, agricultural or industrial compositions.

5. The method of claim 4, wherein the electrochemical or
spectroelectrochemical signature indicates contamination or
deterioration of a pharmaceutical composition, industrial
composition, food, water or air sample.

6. The method of claim 1, wherein the sample 1s a
biological sample derived from a subject.

7. The method of claim 6, wherein the electrochemical or
spectroelectrochemical signature indicates the presence of
an oxidative stress disorder in the subject.

8. The method of claim 6, wherein the electrochemical or
spectroelectrochemical signature 1s associated with the pres-
ence of schizophrenia in a subject.

9. A method for detecting a redox-based condition 1n a
subject, comprising the steps for determining the electro-
chemical or spectroelectrochemical signature of a sample
said steps comprising: (1) contacting a subject sample with
one or more redox-mediators;

(1) optionally providing an electrical input to the sample;
and (11) detecting the generation of the electrochemical
or spectroelectrochemical signature; wherein said elec-
trochemical signature 1s associated with the presence of
a redox-based condition.

10. The method of claim 9, wherein the redox-based
condition 1s an oxidative stress condition.

11. A method for detecting schizophrenia 1 a subject,
comprising the steps for determiming the electrochemical or
spectroelectrochemical signature of a sample said steps
comprising: (1) contacting a subject sample with one or more
redox-mediators;

(1) optionally providing an electrical input to the sample;
and (11) detecting the generation of the electrochemical
or spectroelectrochemical signature; wherein said elec-
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trochemical or spectroelectrochemical signature 1s
associated with the presence of schizophrenia 1n a
subject.

12. The method of claims 1, 9 and 11, wherein the
redox-mediator 1s selected from the group consisting of
iridium, ferrocene, ferricyanide, ruthemium, osmium, rho-
dium, copper, cobalt, nickel, chromium, platinum and pal-
ladium, or redox-active organic molecules such as phenolics
(e.g., acetosyringone), and heterophenols (including amino-
phenols and chlorophenolindophenols), phenazines (e.g.,
pyocyanin), organosulfur compounds (tetrathialfulvaene
and methylene blue), and radical precursors (viologens or
2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid).

13. The method of claim 9 or 11, wherein the redox-
mediator an irdium salt.

14. The method of claim 13, wherein the redox-mediator

is the iridium salt K, IrCl, (Ir%).
15. The method of claim 8 or 10 wherein the sample 1s a

biological sample derived from said subject.

16. The method of claim 15, wherein the sample 15 a
blood, sweat, urine, saliva or serum samples.

17. The method of claim 16, wherein the sample 1s a
serum sample.

18. A method for monitoring of the treatment of a subject,
comprising the steps for determining the electrochemical or

spectroelectrochemical signature of a sample said steps
comprising: (1) contacting a subject sample with one or more
redox-mediators;

(1) optionally providing an electrical input to the sample;
and (11) detecting the generation of the electrochemical
or spectroelectrochemical signature; wherein said elec-
trochemical signature 1s associated with the successiul
treatment of a subject.

19. The method of claim 18, wherein the subject 1s being

treated for schizophrenia.

20. A kit for assaying for the electrochemical signature of

a sample comprising;

(1) one or more redox-mediators and optionally a means
for providing an electrical input; and

(1) mstructions for detecting the generation of an elec-
trochemical or spectroelectrochemical signal.

21. The kit of claim 19, wherein the redox-mediator 1s the

iridium salt K, IrCl, (Ir“").
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