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(57) ABSTRACT

A general methodology for highly sensitive and selective
sensors and devices that can achieve portable, low-cost and
quantitative detection of target enzymes and metabolites
using a personal glucose meter (PGM) is disclosed. The
method and sensors take advantage of the ability of PGMs to
detect enzyme cofactors or coenzymes, such as nicotinamide
adenine dinucleotide (NADH) or nicotinamide adenine
dinucleotide phosphate (NADPH). Based on this observation,
enzymes and metabolites involved in enzymatic reactions
that consume or generate a coenzyme such as NADH or
NADPH can be detected using PGMs, for example by mea-
suring increases or decreases in NADH or NADPH levels.
Methods of using such sensors and fluidic devices for detect-
ing target enzymes and metabolites, for example to diagnose
disease, are also provided.
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FIG.4
Human serum, 10 min reaction
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PERSONAL GLUCOSE METERS FOR
DETECTION AND QUANTIFICATION OF
ENZYMES AND METABOLITES BASED ON
COENZYME DETECTION

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority to U.S. Application
No. 61/901,688 filed Nov. 8, 2013, herein incorporated by
reference.

FIELD

[0002] This application relates to methods that take advan-
tage of the observation that NADH and NADPH (such as that
present in human serum) display a similar response as glu-
cose to personal glucose meters (PGMs). Thus, the applica-
tion provides methods to detect of a broad array of enzymes
and metabolites, which can be used in combination with
PGMs, as well as sensors, devices, and kits that can be used
with such methods.

BACKGROUND

[0003] The deficiency of metabolism-related enzymes in
human fluids is the cause of many human diseases and abnor-
malites.’ For example, glucose-6-phosphate dehydrogenase
(G6PD) deficiency and pyruvate kinase (PK) deficiency®
are the first and second most common metabolite disorders
caused by the deficiency of G6PD and PK in human red blood
cells. The low activities or even absence of these two enzymes
fail to complete the glucose metabolism and result in the
accumulation of intermediates such as glucose-6-phosphate
and phosphoenolpyruvate in high concentrations, which lead
to a variety of symptoms including hemolysis, jaundice and
evenkernicterus.>* In addition to enzyme deficiency, the lack
or accumulation of small molecular metabolites can also indi-
cate the development of diseases and abnormalities. For
instance, the low concentration of citrate in urine and high
concentration of lactate in serum indicate the risk of kidney
stone formation®” and lactic acidosis.”® respectively. In addi-
tion, lactic acidosis is also the most serious potential adverse
effect of drug therapies such as the widely prescribed bigu-
anides (e.g., metformin) for diabetes.’

[0004] To minimize the hazard of these diseases and ensure
timely diagnosis as well as safe drug therapies, traditional
methods that are currently carried out in research labs and
hospitals mostly utilize the formation or consumption of
nicotinamide adenine dinucleotide (NAD* and NADH as the
oxidized and reduced forms, respectively) in the presence of
the target enzymes and metabolites,'** such as the fluores-
cent spot tests.'>**® By measuring the absorbance or fluores-
cence of NADH produced or consumed, the enzyme activities
and metabolite concentrations can then be determined.
Despite of their wide application, these methods still have
limitations. First, there are still few low-cost commercial
portable devices widely available for point-of-care diagnosis
using the NADH-based principles, and the instrument-free
tests based on eye observations are only semi-quantitative.
Second, the traditional methods based on optical signals are
severely interfered with by colored species such as hemoglo-
bin in human blood, so that complicated procedures are then
required to remove hemoglobin from samples before mea-
surement, making point-of-care applications difficult.
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[0005] The personal glucose meter (PGM) is currently the
most successfully commercialized portable device for medi-
cal diagnosis. Its large market of more than one billion US
dollars annually and technical development over tens of years
makes PGM extremely low-cost, portable, widely available
worldwide, and simple to use.'”* The recent advancement in
commercialization of mobile phone integrable PGMs further
extends the spawn of users and convenience of public usage.
2 However, currently off-the-shelf PGMs are only used to
monitor blood glucose for diabetes.

[0006] Previous studies from the inventors” group have suc-
cessfully extended the range of targets that PGMs can detect
to metal ions, small organic molecules and biomolecules
using DNAs?!-** and antibodies** to recognize the targets and
utilized invertase to convert target recognition into glicose
signals. Other scientists and researchers have also demon-
strated novel approaches using PGMs to detect a variety of
targets based on organic molecules,”> DNAs>>2" and anti-
bodies.>® Unfortunately, these methods are not suitable for
the detection of enzymes and metabolites that are difficult to
develop DNA or antibody binders to recognize. Phillips and
coworkers recently reported a method using glucose deriva-
tives as the substrates of enzymes for enzyme activities.>
However, the range of detectable enzymes by this method was
limited to those using glucose derivatives as their substrates.

SUMMARY

[0007] The present application discloses methods, sensors,
and devices that can be used to detect one or more target
enzymes or metabolites that are part of an enzymatic reaction
that consumes or generates enzyme cofactor(s) or coenzyme
(s). For example, the methods, sensors. and devices can be
used to diagnose a disease or condition associated with the
presence or reduction of the target.

[0008] Provided herein is a new methodology to use PGMs
to detect enzymes and metabolites for point-of-care diagno-
sis. In some examples, such detection is indirect, for example
by detection of a coenzyme, whose amount is proportional or
inversely proportional to the target. The principle is based on
the fact that PGMs can detect sub-mM levels of coenzymes,
such as NADH or NADPH, similar to glucose, because cofac-
tors and coenzymes, such as NADH or NADPH, are active
electron donors for the electrodes of PGMs.' ”"'° For example,
NADH is a coenzyme involved in many metabolism-related
enzymatic reactions. Upon the conversion of a target enzyme
or metabolites into NADH, the concentration of NADH
changes, thus permitting a determination of the enzyme and
metabolite concentrations using PGMs. Because the normal
concentrations of NADH in most human fluids are much
lower than mM levels, little interference occurs and the
method has been used for the analysis of human serum. In
addition, colored species present in blood, such as hemoglo-
bin, do not affect the PGM measurement so that no separation
procedure is required. NADH is dramatically different in
chemical properties from glucose, and background concen-
trations of glucose in the samples can be removed using
hexokinase®. By this approach, the effects of varying origi-
nal glucose concentrations in different samples are elimi-
nated. Based on the observations made by detecting NADH or
NADPH, this disclosure provides similar methods for detect-
ing other coenzymes, such as the reduced form of flavin
adenine dinucleotide (FADH,), and the reduced form of fla-
vin mononucleotide (FMNH,,), for detection of additional
enzymatic pathways.



US 2016/0252515 Al

[0009] 1In oneexample the method is for detecting a target,
such as a target enzyme or target metabolite. The target
enzyme or target metabolite is part of an enzymatic reaction
that consumes or generates a coenzyme, such as nicotinamide
adenine dinucleotide (NADH), nicotinamide adenine
dinucleotide phosphate (NADPH), the reduced form of flavin
adenine dinucleotide (FADH,), the reduced form of flavin
mononucleotide (FMNH,) or combinations thereof (or a
functional derivative thereof). FAD and FMN are redox
cofactors similar to NAD, and FADH, and FMNH, are coen-
zymes that can be detected using the disclosed methods.
Exemplary targets include but are not limited to: glucose-6-
phosphate dehydrogenase (G6PD), pyruvate kinase (PK), cit-
rate, lactate, ethanol, 3-f-hydroxybutyrate (3HB), pyruvate,
adenosine diphosphate (ADP), adenosine triphosphate
(ATP), and creatinine, as well as those provided in Table 1.
Such methods can also be used to determine that the subject
from whom the sample was obtained has a particular disease,
such as G6PD deficiency, PK deficiency, lactic acidosis and
ethanol poisoning, as well as those provided in Table 1.

[0010] The method can include contacting a test sample
with one or more starting products. The starting products are
those reagents needed for an enzymatic reaction that utilizes
the target enzyme or target metabolite and consumes or gen-
erates the enzyme cofactor or coenzyme. The starting prod-
ucts used will depend on the target. For example, if the target
is G6PD, the starting reagents can include G6P, and NAD* or
NADP*. The sample is incubated with the starting products
under conditions for the enzymatic reaction to consume or
generate the coenzyme. The coenzyme remaining after this
reaction is detected with a glucose meter, such as a personal
glucose meter (PGM). The target enzyme or metabolite is
detected by correlating the amount of coenzyme detected, for
example wherein an amount of coenzyme detected is propor-
tional or inversely proportional to an amount of target in the
sample. In some examples the method also includes contact-
ing the test sample with hexokinase, MgCl,, and ATP under
conditions sufficient to remove glucose in the test sample. In
some examples, the method includes comparing a detected
value or amount of coenzyme in the test sample to a reference
value or range of values for the target enzyme or metabolite
expected in a normal subject (or values observed for a normal
test sample), to determine whether the target enzyme or
metabolite in the sample is increased or decreased relative to
a normal sample/subject.

[0011] Inoneexample the disclosed methods can be used to
detect one or more targets, such as at least 2, at least 3, at least
5, at least 10, or at least 20 different target enzymes or
metabolites in a sample, such as 2,3, 4, 5,6,7.8,9,10,15, 20,
25,30, 40, 50, 75 or 100 different targets. In one example the
disclosed methods can be used to detect one or more targets,
in a plurality of samples simultaneously or contemporane-
ously, for example as at least 2, at least 3, at least 5, at least 10,
at least 20, at least 100, or at least 200 different samples, such
as2,3,4,5,6,7,8,9, 10, 15, 20, 25, 30, 40, 50, 75, 100, 200,
500, or 1000 different samples.

[0012] Also provided herein are sensors and devices for
detecting target enzymes or metabolites, for example using
the methods provided herein. In one example a sensor is part
of a lateral flow device or fluidic device (e.g., microfluidic
device or macrofluidic device). For example, the sensor in one
example includes a solid support to which is attached one or
more starting products needed for an enzymatic reaction that
utilizes the target enzyme or target metabolite and consumes
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or generates the coenzyme. For example, the sensor can
include a reagent pad/membrane or holding chamber contain-
ing the starting products (such as enzyme(s), substrates(s),
ATP, ADP, MgCl,, or combinations thereof). In another
example, a fluidic device includes one or more mixing cham-
bers, such as a first chamber that includes or holds buffer
reagents and reagents needed for pre-treatment of the sample
(e.g., hexokinase) and a second chamber that includes or
holds one or more starting products needed for the enzymatic
reaction that utilizes the target enzyme or target metabolite
and consumes or generates the coenzyme (e.g., NAD™, ATP,
ADP). In some examples, the sensor includes a solid support
attached thereto the one or more starting products needed for
an enzymatic reaction that utilizes the target enzyme or target
metabolite and consumes or generates the coenzyme. For
example, beads having attached thereto the one or more start-
ing products needed for the enzymatic reaction that utilizes
the target enzyme or target metabolite and consumes or gen-
erates the coenzyme can be present in one or more mixing
chambers of a fluidic device, or the walls of one or more
mixing chambers of the device can have attached thereto one
or more starting products needed for the enzymatic reaction
that utilizes the target enzyme or target metabolite and con-
sumes or generates the coenzyme.

[0013] Also provided are kits that include the disclosed
sensors, lateral flow devices, or fluidic devices. Methods of
using these sensors, fluidic devices (e.g., microfluidic
devices, macrofluidic devices), and lateral flow devices to
detect one or more target agents, for example to diagnose a
discase, are provided herein.

[0014] The foregoing and other objects and features of the
disclosure will become more apparent from the following
detailed description, which proceeds with reference to the
accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIGS. 1A-1D are schematic drawings showing the
enzymatic reactions inducing NADH concentration changes
for PGM measurement of (A) glucose-6-phosphate (G6PD),
(B) PK, (C) citrate and (D) lactate.

[0016] FIG. 2A is a schematic showing the chemical struc-
tures of NAD and NADH, and the electron transfer reaction
between them.

[0017] FIG. 2B is a graph showing the response of NADH
at different concentrations in HEPES buffer to PGMs.
[0018] FIG. 2C is a schematic showing the use of PGM to
detect non-glucose targets based on NADH-dependent enzy-
matic reactions.

[0019] FIGS. 3A-3B are plots showing detection of GEPD
activity using PGMs: (A) yeast G6PD in HEPES Buffer; (B)
G6PDs from yeast and L. measenteroides in human serum.
[0020] FIG. 4 is a dot plot showing the detection of PK
activity in human serum using PGMs.

[0021] FIG. 5is a dot plot showing the detection of citrate
concentration in HEPES Buffer using PGMs.

[0022] FIGS. 6A and 6B are schematic drawings showing
how lactate can be detected in a blood sample using a PGM
(A) without or (B) with the inclusion of hexokinase.

[0023] FIGS. 6C-6E are graphs showing the amplified
detection of lactate using PGM by the NADH-based
approach. (C) 20 minute reaction time in HEPES buffer; (D)
0.125 mM lactate in HEPES buffer; (E) 20 minutes in human
serum.
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[0024] FIGS. 7A and 7B are plots showing the effect of
removing background glucose in (A) HEPES Buffer and (B)
human serum.

[0025] FIG. 8 is a plot showing the detection of G6PD
activity in human serum with or without background glucose
removal by hexokinase and ATP.

[0026] FIG.9is a plot showing the detection of ethanol in
human serum using PGM by the NADH-based approach.
[0027] FIGS. 10A-10B are graphs showing (A) lactate
detection using PGM in HEPES buffer, human serum, and
calf' blood and (B) validation using UV method in serum and
calf blood.

[0028] FIG. 10C is a scheme of enzymatic reaction for
lactate detection using a UV-vis method.

[0029] FIGS. 11A-11B are graphs showing lactate detec-
tion in 100% human serum with tunable dynamic range. (A)
Reagent A contains 10 ul, 50 mM NADH, 10 pL 40 U/mL
LOx, 10 uL 200 U/mL LDH, 10 pL. 250 mM ATP, 10 pL. 250
U/mL hexokinase. (B) Reagent A contains 20 ul. 50 mM
NADH, 10 pL. 40 U/mL LOx, 10 ulL 200 U/mL LDH, 10 uL
250 mM ATP, 10 ulL 250 U/mL hexokinase.

[0030] FIGS. 12A and 12B are graphs showing simulta-
neous monitoring of (A) glucose and (B) lactate in a blood
sample from a subject with diabetes during clinical treat-
ments using PGM and clinical lactate analyzer (YSI 2300
STAT Plus).

[0031] FIG. 13 is a graph showing validation of the dis-
closed PGM-based methods to detect lactate as compared to
a clinical lactate analyzer

[0032] FIG. 14 is a schematic drawing showing how 3-hy-
droxybutyrate can be detected in a sample using a PGM.
[0033] FIG. 15 is a schematic drawing showing an exem-
plary disposable lateral flow strip for detection of a target
(such as lactate or 3HB) using a commercial glucose meter.
[0034] FIGS. 16A-16C show the (A) enzymatic reactions
for NADH-PGM based sensor for pyruvate, and pyruvate
sensor performance in the (B) presence or (C) and absence of
LOx.

[0035] FIGS. 17A-17C show the (A) enzymatic reactions
for NADH-PGM based sensor for ADP, (B) time-dependent
PGM signal decrease in the presence of 1.7 uM ADP, and (C)
a calibration curve for ADP.

[0036] FIGS. 18A-18B show the (A) enzymatic reactions
for NADH-PGM based sensor for ATP, (B) time-dependent
PGM signal decrease in the presence of 1.4 pM ATP.

[0037] FIG. 19A is a schematic drawing showing enzy-
matic reactions for NADH-PGM based sensor for creatinine.
[0038] FIG. 19B is a graph showing creatinine detection in
HEPES buffer with detection limit of 10 pM.

[0039] FIG. 20 is a schematic drawing showing an exem-
plary lateral flow device for the detection of a target enzyme
or metabolite in a sample.

[0040] FIG. 21 is a schematic drawing showing an exem-
plary fluidic device for the detection of a target enzyme or
metabolite in a sample.

DETAILED DESCRIPTION

[0041] Unless otherwise explained, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which a
disclosed invention belongs. The singular terms ““a,” “an,” and
“the” include plural referents unless context clearly indicates
otherwise. Similarly, the word “or” is intended to include

“and” unless the context clearly indicates otherwise. “Com-
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prising” means “including.” Hence “comprising A or B”
means “including A” or “including B” or “including A and
B”

[0042] Suitable methods and materials for the practice and/
or testing of embodiments of the disclosure are described
below. Such methods and materials are illustrative only and
are not intended to be limiting. Other methods and materials
similar or equivalent to those described herein can be used.
For example, conventional methods well known in the art to
which the disclosure pertains are described in various general
and more specific references.

[0043] All publications, patent applications, patents, and
other references mentioned herein are incorporated by refer-
ence in their entirety for all purposes. All sequences associ-
ated with the GenBank Accession numbers mentioned herein
are incorporated by reference in their entirety as were present
on Nov. 8, 2013. Although exemplary GENBANK numbers
are listed herein, the disclosure is not limited to the use of
these sequences. Many other enzyme sequences are publicly
available, and can thus be readily used in the disclosed meth-
ods. In one example, an enzyme having at least 70%, at least
75%, at least 80%, at least 85%, at least 90%, at least 95%, at
least 98%, or at least 100% sequence identity to any of the
GENBANK numbers are listed herein.

[0044] In order to facilitate review of the various embodi-
ments of the disclosure, the following explanations of specific
terms are provided:

[0045] 3-hydroxybutyrate dehydrogenase (HBDH): (EC
1.1.1.30) An enzyme that catalyzes the conversion of the
chemical reaction shown in FIG. 14. Thus, the substrates for
HBDH are 3-hydroxybutanoate (also called 3-p-hydroxybu-
tyrate or B-hydroxybutyrate) and NAD+, and its products are
acetoacetate, NADH, and H+. HBDH is involved in the syn-
thesis and degradation of ketone bodies and butanoate
metabolism. The presence of elevated levels of 3-f-hydroxy-
butyrate can indicate the presence of hyperketonemia or
ketoacidosis.

[0046] Nucleic acid and protein sequences for HBDH (e.g.,
OMIM 603063) are publicly available. For example, GEN-
BANK® Accession Nos.: BC095414.1 and BC011964.1 (hu-
man) and NM_001122683.1 and NM_175177.4 (mouse) dis-
close exemplary HBDH nucleic acid sequences, and
GENBANK® Accession Nos.: Q02338.3 and NP_064524.3
(human) and Q80XNO.2 and NP_001165526.1 (mouse) dis-
close exemplary HBDH protein sequences, all of which are
incorporated by reference as provided by GENBANK® on
Nov. 6, 2014. In certain examples, HBDH has at least 80%
sequence identity, for example at least 85%, at least 90%, at
least 95%, or at least 98% sequence identity to a publicly
available HBDH sequence, and is a HBDH which can cata-
lyze the oxidation of 3-hydroxybutanoate to yield acetoac-
etate, converting NAD+ into NADPH, at the same time.
[0047] Coenzyme: An organic, non-protein molecule that
binds to a protein (such as G6PD) to form the active protein or
enzyme. Coenzymes are required for the biological activity of
their corresponding proteins. Coenzymes and enzyme co-
factors (inorganic non-protein molecules, such as Zn and Fe),
assist in biochemical transformations. Examples of coen-
zymes include but are not limited to: nicotinamide adenine
dinucleotide (NADH), nicotinamide adenine dinucleotide
phosphate (NADPH), flavin adenine dinucleotide (FADH,),
and flavin mononucleotide (FMNH,), as well as derivatives
of these that retain their ability to function as a coenzyme, for
example by adding one or more additional atoms (such as a
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carbon, for example a methyl or ethyl group) (other examples
can be found in U.S. Pat. No. 8,809,013).

[0048] Creatininase: (EC 3.5.2.10) An enzyme that cata-
lyzes the conversion of the first chemical reaction shown in
FIG. 22. Thus, the substrates for creatininase are creatinine
and H,O, and its product is creatine. Creatininase is involved
in arginine and proline metabolism.

[0049] Nucleic acid and protein sequences for creatininase
(Gene Ontology No. 0047789) are publicly available. For
example, GENBANK® Accession Nos.: AF164677.2 dis-
closes and exemplary creatininase nucleic acid sequence, and
GENBANK®  Accession Nos.. AGA73231.1 and
ETM64754.1 disclose exemplary creatininase protein
sequences, all of which are incorporated by reference as pro-
vided by GENBANK® on Nov. 6, 2014. In certain examples,
creatininase has at least 80% sequence identity, for example
at least 85%, at least 90%, at least 95%, or at least 98%
sequence identity to a publicly available creatininase
sequence, and is a creatininase which can catalyze the
hydrolysis of creatinine to yield creatine.

[0050] Creatine Kinase (CK): (EC 2.7.3.2) An enzyme that
catalyzes the conversion of the chemical reaction shown in
the first reaction shown in FIG. 19A. Thus, the substrates for
CK are creatine and ATP, and its products are phosphocreat-
ine and ADP. Clinically, CK is assayed in blood tests as a
marker of myocardial infarction (heart attack), rhabdomyoly-
sis (severe muscle breakdown), muscular dystrophy, the
autoimmune myositides and in acute renal failure.

[0051] Nucleic acid and protein sequences for CK, such as
cytosolic or muscle CK (e.g., OMIM 123310) are publicly
available. For example, GENBANK® Accession Nos.:
NM_001824.4 (human) and NM_007710.2 (mouse) disclose
exemplary CK nucleic acid sequences, and GENBANK®
Accession Nos.: NP_001815.2, AAH07462.1 (human),
AAI32427.1 and NP_031736.1 (mouse) disclose exemplary
CK protein sequences, all of which are incorporated by ref-
erence as provided by GENBANK® on Nov. 6, 2014. In
certain examples, CK has at least 80% sequence identity, for
example at least 85%, at least 90%, at least 95%, or at least
98% sequence identity to a publicly available CK sequence,
and is a CK which can catalyze the production of phospho-
creatine and ADP from creatine and ATP.

[0052] Detect: To determine if a particular agent is present
or absent, such as a target enzyme or target metabolite that is
part of an enzymatic reaction that consumes or generates a
coenzyme, and in some example further includes quantifica-
tion of the agent if detected. In some examples a coenzyme is
detected, for example with a glucose meter.

[0053] Glucose-6-phosphate dehydrogenase (G6PD): (EC
1.1.1.49) An enzyme that catalyzes the conversion of the
chemical reaction shown in FIG. 1A. Thus, G6PD is involved
in supplying reducing energy to cells by maintaining the level
of NADPH. Deficiencies of G6PD can predispose one to
non-immune hemolytic anemia.

[0054] Nucleic acid and protein sequences for G6PD (e.g,,
OMIM 305900) are publicly available. For example, GEN-
BANK® Accession Nos.: AH003054.1 (human) and
Z11911.1 (mouse) disclose exemplary G6PD nucleic acid
sequences, and GENBANK® Accession Nos.: AAA63175.1
(human) and CAA77967.1 (mouse) disclose exemplary
G6PD protein sequences, all of which are incorporated by
reference as provided by GENBANK® on Nov. 8, 2013. In
certain examples, G6PD has at least 80% sequence identity,
for example at least 85%, at least 90%, atleast 95%, or at least
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98% sequence identity to a publicly available G6PD
sequence, and is a G6PD which can catalyze the oxidation of
glucose-6-phosphate to yield 6-phosphogluconic acid, con-
verting NAD or NADP into NADH or NADPH, respectively,
at the same time.

[0055] Glucose Meter: A medical device for determining
the approximate concentration of glucose in the blood. Glu-
cose meters include commercially available glucose meters,
such as a personal glucose meter (PGM). Such meters typi-
cally display the level of glucose in mg/dl or mmol/1. In one
example a PGM uses tests strips impregnated with glucose
oxidase (GOx; EC 1.1.3.4), such as Bayer Breeze 2®, Medis-
ense Optimum Xeed®, and OneTouch® (such as OneTouch
Ultra®, OneTouch Hoizon® or OneTouch Surestep®). Inone
example a PGM uses tests strips that use glucose dehydroge-
nase (such as glucose dehydrogenase/pyrroloquinoline-
quinone GDH/PQQ), such as Precision Xtra®; Ascensia
Contour®; Accu-Chek Compact®); Freestyle®, Accu-Chek
Avia® and Free Style Lite®. In some examples, a PGMs is
one integrated into a mobile phone or other portable platform
(such as an iPad®, Surface® or other tablet or a wearable
device such as a smart watch or wristband).> In one example,
the PGM is part of (or can be attached to) a cell phone (for
example AgaMatrix Inc. (Salem, N.H.) provides a glucose
meter that can be attached to a cell phone (such as an
1Phone®), and Glooko (Palo Alto, Calif.) provides products
that permit one to transfer a reading from a PGM to a cell
phone or other device, such as a tablet or a wearable device).
[0056] Immobilized: Bound or attached to a surface, such
as a solid support. In one embodiment, the solid surface is in
the form of a membrane or holding chamber. The surface can
include immobilized starting products needed for an enzy-
matic reaction that utilizes the target enzyme or target
metabolite and consumes or generates the coenzyme. Meth-
ods of immobilizing agents to solid supports are known in the
art. For example, methods of immobilizing peptides on a solid
surface can be found in WO 94/29436, and U.S. Pat. No.
5,858.358. In some examples, agents are immobilized to a
support by simply applying the agent in solution to the sup-
port, and allowing the solution to dry or by lyophoilization,
thereby immobilizing the agent to the support.

[0057] Lateral flow device: An analytical device in the form
of a test strip used in lateral flow chromatography, in which a
sample fluid, such as one to be tested for the presence of a
target agent, flows (for example by capillary action) through
the strip (which is frequently made of bibulous materials such
as paper, nitrocellulose, and cellulose). The test sample and
any suspended target agent(s) can flow along the strip to a
detection zone in which a coenzyme is detected, to indicate a
presence, absence and/or quantity of the target agent.

[0058] Numerous lateral flow analytical devices are
known, and include those shown in U.S. Pat. Nos. 4,313,734;
4,435,504; 4,775,636, 4,703,017, 4,740,468; 4,806,311;
4.806,312; 4,861,711, 4,855,240, 4,857,453; 4,943,522;
4,945,042; 4,496,654; 5,001,049; 5,075,078; 5,126,241;
5,451,504; 5,424,193; 5,712,172; 6,555,390; 6,368,876;
7,799,554; EP 0810436; and WO 92/12428; WO 94/01775;
WO 95/16207; and WO 97/06439, each of which is incorpo-
rated by reference.

[0059] Lateral flow devices can in one example be a one-
step lateral flow assay in which a sample fluid is placed in a
sample or wicking area on a bibulous strip (though, non
bibulous materials can be used. and rendered bibulous by
applying a surfactant to the material), and allowed to migrate
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along the strip until the sample comes into contact with one or
more reagents, that lead to the interaction between the target
in the sample and the starting products, for the production or
consumption of a coenzyme. The coenzyme produced or
remaining can be detected with a PGM.

[0060] In some examples, the strip includes multiple
regions for detecting different test agents in the sample (for
example in parallel lines or as other separate portions of the
device). The test strips can also incorporate control indica-
tors, which provide a signal that the test has adequately been
performed, even if a positive signal indicating the presence
(or absence) of a target is not achieved.

[0061] L-Lactate dehydrogenase (LDH): (EC 1.1.2.3) An
enzyme that catalyzes the conversion of the chemical reaction
shown in the first reaction of FIG. 16A. Specifically, LDH
catalyzes the transfer of a hydride group from pyruvate to
lactate, and converts NADH to NAD*. LDH is released dur-
ing tissue damage. and thus can be used as a marker of injury
and disease.

[0062] Nucleic acid and protein sequences for LDH are
publicly available. For example, GENBANK® Accession
Nos.: CP003592.1 and CP002994.1 disclose exemplary LDH
nucleic acid sequences, and GENBANK® Accession Nos.:
AFY70884.1 and AFZ53918.1 disclose exemplary LDH pro-
tein sequences, all of which are incorporated by reference as
provided by GENBANK® on Nov. 6, 2014. In certain
examples, LDH has at least 80% sequence identity, for
example at least 85%, at least 90%, at least 95%, or at least
98% sequence identity to a publicly available LDH sequence,
and is a LDH which can catalyze the transfer of a hydride
group from pyruvate to lactate, and convert NADH to NAD+.
[0063] Lactate oxidase (LOx): (EC 1.13.12.4) An enzyme
that catalyzes the conversion of the chemical reaction shown
in the second reaction of FIG. 16A. Specifically, LOx cata-
lyzes the oxidation of lactate, yielding pyruvate and H,O,.
[0064] Nucleic acid and protein sequences for LOx are
publicly available. For example, GENBANK® Accession
Nos.: BX950851.1 and CP002279.1 disclose exemplary LOx
nucleic acid sequences, and GENBANK® Accession Nos.:
WP_024862288.1 and BAA09172.1 disclose exemplary
LOx protein sequences, all of which are incorporated by
reference as provided by GENBANK® on Nov. 6, 2014. In
certain examples, LOx has at least 80% sequence identity, for
example at least 85%, at least 90%, at least 95%, or at least
98% sequence identity to a publicly available LOx sequence,
and is a LOx which can catalyze the conversion of lactate+O,
to pyruvate+H,0,.

[0065] Pyruvate Kinase (PK): (EC 2.7.1.40) An enzyme
that catalyzes the conversion of the chemical reaction shown
in FIG. 1B. Specifically, PK catalyzes the transfer of a phos-
phate group from phosphoenolpyruvate (PEP) to ADP, yield-
ing one molecule of pyruvate and one molecule of ATP. Defi-
ciencies of PK can slow down the process of glycolysis,
which can be devastating in cells that lack mitochondria,
because these cells must use anaerobic glycolysis as their sole
source of energy. One example is red blood cells, which in a
state of PK deficiency rapidly become deficient in ATP and
can undergo hemolysis. Therefore, pyruvate kinase defi-
ciency can cause hemolytic anemia.

[0066] Nucleic acid and protein sequences for PK (OMIM
609712) are publicly available. For example, GENBANK®
Accession Nos.: M15465.1 (human) and D63764.1 (mouse)
disclose exemplary PK nucleic acid sequences, and GEN-
BANK® Accession Nos.. AAA60104.1 (human) and
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A23642.1 (mouse) disclose exemplary PK protein sequences,
all of which are incorporated by reference as provided by
GENBANK® onNov. 8, 2013. In certain examples, PK has at
least 80% sequence identity, for example at least 85%, at least
90%, at least 95%, or at least 98% sequence identity to a
publicly available PK sequence, and is a PK which can cata-
lyze the transfer of a phosphate group from PEP to ADP,
vielding one molecule of pyruvate and one molecule of ATP.
[0067] Sensor: A device or part of a device used in the
methods provided herein for detecting the presence of a target
enzyme or target metabolite, such as one that is part of an
enzymatic reaction that consumes or generates a coenzyme.
The disclosed sensors can include one or more starting prod-
ucts needed for an enzymatic reaction that utilizes the target
enzyme or target metabolite and consumes or generates the
coenzyme attached to, or encased in, a solid support (such as
a filter, bead or chamber).

[0068] Subject: Multi-cellular vertebrate organisms, a cat-
egory that includes human and non-human mammals, birds,
and veterinary subjects (e.g., cows, pigs, dogs and cats).
[0069] Target Enzyme or Target Metabolite: An enzyme or
metabolite that is part of an enzymatic reaction that consumes
or generates a coenzyme, and whose detection is desired.
Examples include, but not limited to, G6PD, PK, citrate,
ethanol, lactate, 3-p-hydroxybutyrate (3HB), pyruvate,
adenosine diphosphate (ADP), adenosine triphosphate
(ATP), creatinine, L-lysine, and xanthine. Other examples are
provided in Table 1, and one skilled in the art can identify
other targets based on the teachings herein. Such targets can
be detected indirectly in a sample, by detecting the corre-
sponding production or consumption of a coenzyme using a
glucose meter. The detection of such target enzymes or
metabolites can be used for applications that include, but are
not limited to, disease diagnosis, disease monitoring, drug
monitoring (for example levels or amounts of mycophenolate
can be determined by monitoring the inhibition ofits targeted
enzyme, inosine monophosphate dehydrogenase, which uti-
lizes NADH/NAD™ as the coenzyme), food safety, and envi-
ronmental monitoring.

[0070] Under Conditions Sufficient For: A phrase that is
used to describe any environment that permits the desired
activity. In one example, includes incubating a test sample
(such as blood or urine) in the presence of one or more starting
products needed for an enzymatic reaction that utilizes the
target enzyme or target metabolite and consumes or generates
the coenzyme under conditions sufficient for the enzymatic
reaction to occur, and produce or consume the coenzyme.

Overview

[0071] Personal glucose meters (PGMs) are currently the
most successfully commercialized public meters for portable
self-diagnosis. PGMs are simple, inexpensive, quantitative,
and widely available for worldwide public use. The success-
ful integration of PGMs with mobile phones and tablets
allows even wider adoption and better user experience. Cur-
rently however, PGMs are only used to help diabetes patients
monitor blood glucose. Although other targets can be effi-
ciently detected in research and medical laboratories, they
generally require high cost and long time lag for the public to
send the samples and wait for the result.

[0072] To adapt PGMs to detect other targets, the present
disclosure provides methods and sensors that permit detec-
tion (and in some examples quantification) of other targets
besides glucose. The disclosed methods and sensors enable
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point-of-care (POC) detection ofa wide range of targets, such
as disease-related enzymes and non-glucose metabolites. The
inventors have determined that coenzymes NADH and
NADPH (such as that present in human serum) display a
similar response as glucose to PGMs because NADH/
NADPH can provide electrons to the electrodes in PGM
(while NAD*/NADP* do not). In fact, it was observed that
NADH generates a higher signal response than glucose at the
same concentration because NADH can transfer electrons
directly to electrode but glucose has an intermediate step.
Since PGM-detectable NADPH/NADH are cofactors in
many enzymatic reactions, their production or consumption
can be used to measure enzyme activities or substrate con-
centrations. It is shown herein that NADH or NADPH can be
measured as an indication of the presence or absence of a
target (for example by measuring increases or decreases in
NADH or NADPH).

[0073] By using NADH or NADPH as the link, the range of
enzymes and metabolites that PGMs can detect is signifi-
cantly extended. For example, it is shown herein that glucose-
6-phosphate dehydrogenase (G6PD), pyruvate kinase (PK),
citrate and lactate can be quantified in buffer, calf blood,
and/or human serum using PGMs by the disclosed methods,
achieving sensitivity well below the clinic cut-off ranges for
the diagnosis of G6PD deficiency, PK deficiency, kidney
stone risk and lactic acidosis, respectively. It is also shown
that pyruvate, adenosine diphosphate (ADP), and adenosine
triphosphate (ATP) can be detected and quantified using the
disclosed methods. Compared with traditional methods based
on UV absorption and fluorescence measurement of NADH
(or NADPH), the disclosed sensors and methods are more
suitable for POC applications because of the simplicity and
portability of PGMs and the absence of separation procedures
to remove optically interfering species such as hemoglobin.
In addition, the disclosed assays can in some examples be
completed within 10 or 20 minutes and have shown high
sensitivities well below the cut-off concentrations for diag-
nosis of various metabolic diseases, indicating their potential
in point-of-care (POC) diagnosis of patient samples. Taking
advantage of the wide availability of PGMs to the public and
their recent integration in mobile phones and tables, as well as
the broad range of NAHD-dependent disease-related
enzymes and metabolites, the disclosed sensors and methods
have numerous useful applications for POC diagnosis of vari-
ous diseases.

[0074] Nicotinamide adenine dinucleotide (NAD) is an
enzyme cofactor involved in many enzymatic reactions that
are essential for human metabolism. Its conversion between
NAD+andNADH (FIG. 2A) provides or withdraws electrons
in avariety of biologically important redox reactions. Several
disease-related enzymes and metabolites, including the four
targets examined, are capable of facilitating the inter-conver-
sion between NAD+ and NADH (FIGS. 1A-1D). ! 143122
Although the characteristic UV absorption and fluorescence
of NADH have been used as the basis for the traditional
enzyme activity and metabolite assays when NADH is
formed or deformed in the presence of these targets, few
portable devices suitable for point-of-care applications are
commercially available. Moreover, the optical signals of
NADH in the traditional assays are likely to be interfered by
the color of the samples, for example, the hemoglobin in
blood. Procedures used to remove the colored species, such as
centrifuging or ultra filtering are not suitable for point-of-care
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applications. Thus, in some examples the disclosed methods
do not require centrifuging or ultra filtration steps.

[0075] Based on the observations by detecting NADH and
NADPH as a means to detect a target in a sample, the present
disclosure provides methods of detecting a target enzyme or
target metabolite that is part of an enzymatic reaction that
consumes Or generates an enzyme cofactor or coenzyme
(sometimes referred to herein as simply coenzyme), such as
an enzymatic reaction involved in metabolism (e.g., in a
mammal). Thus, the target enzyme or metabolite is one rec-
ognized by enzymatic reactions that convert the concentra-
tion of target enzyme or metabolite in the sample into an
enzyme cofactor/coenzyme concentration, which is then
measured or detected by a PGM. Coenzymes, such as NADH,
are non-protein chemical compounds that bind to a protein
(such as G6PD) and are required for the biological activity of
the protein. These enzyme cofactors and coenzymes assist in
biochemical transformations. In addition to NADH and
NADPH, other examples of coenzymes or enzyme cofactors
that can be detected using the disclosed methods, sensors and
devices, include but are not limited to: flavin adenine dinucle-
otide (FADH,) (such as its reduced form), flavin mononucle-
otide (FMNH,) (such as its reduced form), coenzyme Q,
ubisemiquinone (QH radical), ubiquinol (hydroquinone),
molybdopterin, and menaquinone, wherein the coenzyme is
directly proportional or inversely proportional to an amount
oftargetin the test sample. The disclosed sensors, devices and
methods can be designed to detect any target enzyme or target
metabolite that is part of an enzymatic reaction that consumes
or generates an enzyme cofactor or coenzyme. Exemplary
targets are provided herein (e.g., see Table 1); however one
skilled in the art will appreciate that other targets can be
detected. This disclosure permits the detection of many dif-
ferent targets using a single PGM (for example by using
interchangeable lateral flow devices, macro-fluidic devices,
micro-fluidic devices, or test strips, each specific for a par-
ticular target).

[0076] The method includes contacting a test sample with
one or more starting products needed for the enzymatic reac-
tion that utilizes the target enzyme or target metabolite and
consumes or generates the coenzyme (e.g., one or more
enzymes [suchas 1,2, 3, 4, or 5 enzymes|, and one or more of
ATP, ADP, MgCl,, NAD+, NADP+ and the like). The enzy-
matic reaction is allowed to consume or generate the coen-
zyme, for example by incubating the sample and the starting
products under suitable conditions (e.g., temperature, pH).
The coenzyme is then detected with a personal glucose meter
(PGM). Thus, as the coenzyme is generated, it is detected,
while if the coenzyme is consumed, it may not be detected (or
its levels may decrease). A determination is made as to
whether the target enzyme or metabolite is present in the test
sample by correlating the amount of coenzyme detected. The
amount of coenzyme detected can be directly or inversely
proportional to the amount of target in the sample. The
method can determine or measure the amount of target
enzyme or target metabolite in the test sample quantitatively
or qualitatively. In some examples, blood or fractions thereof
(such as serum), or urine are used as the test sample in which
the target is detected.

[0077] The starting products used will depend on the target
to be detected. For example, proteins, cofactors/coenzymes,
and energy (e.g., ATP) can be used. For example, if the target
enzyme is glucose-6-phosphate dehydrogenase (G6PD), the
one or more starting products can include G6P and NAD+ or



US 2016/0252515 Al

NADP+; if the target enzyme is pyruvate kinase (PK), the one
or more starting products can include phosphoenolpyruvate
(PEP), adenosine diphosphate (ADP), NADH and lactate
dehydrogenase (LDH); if the target metabolite is citrate, the
one or more starting products can include citrate lyase (CL),
acetyl coenzyme A, malate dehydrogenase (MDH), NADH
and lactate dehydrogenase (LDH); if the target metabolite is
lactate, the one or more starting products can include lactate
oxidase (LOx), LDH and NADH; if the target metabolite is
ethanol, the one or more starting products can include alcohol
dehydrogenase (ADH) and NAD*; if the target metabolite is
lactate, the one or more starting products can include lactate
oxidase (LOx), LDH and NADH; if the target metabolite is
3-B-hydroxybutyrate (3HB), the one or more starting prod-
ucts 1s include 3-hydroxybutyrate dehydrogenase (HBDH)
and NAD+, if the target metabolite comprises pyruvate and
the one or more starting products can include LDH, LOx, and
NADH (in some examples the oxygen needed is supplied
simply from the air); or if the target metabolite is creatinine
and the one or more starting products can include creatini-
nase, ATP, creatine kinase, PK, PEP, LDH, LOx, and NADH
(in some examples the oxygen needed is supplied simply
from the air). The starting products, such as enzyme(s), sub-
strates(s), NADH or NAD™, can be added to the sample tested
or be present in a sensor to which the sample (or portion
thereof) is applied.

[0078] Inoneexample, the method further includes steps to
remove glucose from a sample, such as a blood or urine
sample. For example, the method can include contacting the
sample with hexokinase, MgCl,, and ATP (e.g., which can be
present in or on a sensor, such as a lateral flow strip or fluidic
device, or which can be added to the sample prior to contact
with such a sensor) under conditions sufficient to remove
glucose in the test sample. In some examples, such methods
reduce the amount of detectable glucose in the sample by at
least 50%, at least 75%, at least 90%, at least 95%, at least
98%, at least 99%, or all of the detectable glucose is removed.

[0079] In some examples, the disclosed methods and sen-
sors can be used without the need for laboratory-based instru-
ments or complicated sample pre-treatment. For example, in
some examples, the test sample is a blood sample or fraction
thereof, and hemoglobin in the sample is not removed prior to
analysis of the sample using the disclosed methods.

[0080] In some examples, the detected enzyme coenzyme
is compared to a control value, such as a reference value or
range of values. In one example, the control value is a refer-
ence value or range of values for the target enzyme or metabo-
lite expected in a normal subject (e.g., one without a G6PD
deficiency). In one example, the control value is a value (or
range of values, e.g., from a population) for the target enzyme
or metabolite determined from a control sample, such as one
obtained from a normal subject (e.g., one without a G6PD
deficiency) or population of subjects. Thus, the method can
further include detecting the target enzyme or target metabo-
lite in a normal control sample, and comparing the target
enzyme or target metabolite detected in the test sample to that
detected in the normal control sample. Such steps allow for a
determination as to whether the target enzyme or metabolite
in the test sample is increased or decreased relative to a
normal subject. In one example, the control value is value for
the target enzyme or metabolite determined from a control
sample, such as one obtained from a sample with a known
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amount of the target enzyme or metabolite (e.g., positive
control) or known to not have the target enzyme or metabolite
(e.g., negative control).

[0081] Insome examples, the test sample is obtained from
a subject, and the method includes determining whether the
subject has a disease based on the amount of target enzyme or
target metabolite detected. For example, using the method to
detect G6PD can be used to diagnose G6PD deficiency in a
subject, wherein the subject is determined to have G6PD
deficiency when an increase in NADH or NADPH relative to
a normal control is detected. Using the method to detect PK
can be used to diagnose PK deficiency in a subject, wherein
the subject is determined to have PK deficiency when a
decrease in NADH or NADPH relative to a normal control is
detected. Using the method to detect citrate can be used to
diagnose prostate cancer or kidney stones or risk of develop-
ing kidney stones, wherein the subject is determined to have
prostate cancer, kidney stones or an increase risk of develop-
ing kidney stones, when a decrease in NADH or NADPH
relative to a normal control is detected. Using the method to
detect lactate can be used to diagnose lactic acidosis, wherein
the subject is determined to have lactic acidosis when a
decrease in NADH or NADPH relative to a normal control is
detected. Using the method to detect ethanol can be used to
diagnose ethanol poisoning, wherein the subject is deter-
mined to have ethanol poisoning when an increase in NADH
or NADPH relative to a normal control is detected. Using the
method to detect ethanol can be used to determine a subject’s
blood alcohol level (for example for a DUI or DWI evalua-
tion), wherein the subject’s alcohol level is proportional to the
amount of NADH or NADPH detected. Using the method to
detect 3-B-hydroxybutyrate (3HB) can be used to determine
whether a subject has ketoacidosis, wherein the subject’s
3-B-hydroxybutyrate (3HB) level is proportional to the
amount of NADH or NADPH detected. Using the method to
detect pyruvate can be used to determine whether a subject
has pyruvate kinase deficiency, wherein the subject is deter-
mined to have pyruvate kinase deficiency when a decrease in
NADH or NADPH relative to a normal control is detected.
Using the method to detect creatinine can be used to deter-
mine whether a subject has renal disease, wherein the subject
is determined to have renal disease when a decrease in NADH
or NADPH relative to a normal control is detected.

[0082] The present disclosure also provides sensors that
can be used in the disclosed methods. Such a sensor can
include a solid support to which is attached or which includes
one or more starting products needed for an enzymatic reac-
tion that utilizes the target enzyme or target metabolite and
consumes or generates the coenzyme. Such starting products
can be incorporated into a solution, such as a water-based
solution, and dried or Iyophilized on the solid support. Thus,
in some examples the starting products are soluble. In some
examples, the sensor further includes a second solid support
that includes reagents to substantially remove glucose from
the sample, such as hexokinase and ATP (and optionally
MgCl,). Such reagents can be incorporated into a solution,
such as a water-based solution, and dried or lyophilized on the
solid support. Thus, in some examples the reagents are
soluble. In some examples, the sensor further includes a
sample pad and an absorption pad. In some examples, the
sensor further includes one or more mixing chambers, an
entry port, and an exit port. In some examples, the solid
support includes a membrane or a holding chamber. In some
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examples, the solid support can be polymer beads, such as
agarose, sepharose beads, magnetic beads, or the chamber
walls of the fluidic device.

[0083] The disclosure also provides, lateral flow devices
and fluidic devices (e.g., macro- and micro-fluidic devices)
that can be used with the disclosed methods. In some
examples, such devices include a sensor provided herein. In
one example, a fluidic device includes a sample entry port, a
holding chamber containing the one or more starting prod-
ucts, optionally one or more mixing chambers, and an exit
port. In one example, a a fluidic device includes a sample
entry port, aone or more mixing chambers, one or more filters
and an exit port. For example, such a a fluidic device can
include a first mixing chamber that includes buffer reagents
(e.g., HEPES, MgCl,), pretreatment reagents (e.g., antico-
agulation agents, detergent(s), hexokinase), or both, and a
second mixing chamber that includes starting products
needed for an enzymatic reaction that utilizes the target
enzyme or target metabolite and consumes or generates the
coenzyme (e.g., coenzymes or cofactors such as ATP, ADP,
LDH, NADH, and NADPH). In some examples there is a
filter in between the first and second mixing chambers, for
example to remove cellular debris and large proteins.

[0084] Also provided are methods for using such lateral
flow devices, and fluidic devices to detect a target enzyme or
target metabolite. For example, the method can include con-
tacting one or more sensors or lateral flow devices with a test
sample under conditions sufficient to allow target enzyme or
target metabolite in the test sample to interact with the one or
more starting products, under conditions wherein the coen-
zyme will be generated or consumed, detecting the enzyme
cofactor or coenzyme with a PGM, and correlating the
amount of target agent present in the sample to the amount of
enzyme cofactor or coenzyme detected. In another example,
the method can include introducing a test sample into the
sample entry port of a fluidic device, allowing a target in the
test sample to interact with a holding or mixing chamber of
the device containing the one or more starting products,
allowing the cofactor or coenzyme to be generated or con-
sumed in one of the one or more mixing chambers of the
device, detecting the enzyme cofactor or coenzyme with a
PGM, and correlating the amount of target agent present in
the sample to the amount of enzyme cofactor or coenzyme
detected.

[0085] Also provided are kits that include one or more of
the sensors lateral flow devices, or fluidic devices disclosed
herein. Such kits in some examples further include one or
more of a buffer, a chart for correlating detected enzyme
cofactor or coenzyme level and amount of target enzyme or
target metabolite present. In some examples, the kit includes
aPGM.

Methods of Detecting Target Enzymes or
Metabolites

[0086] Methods are provided for detecting a target enzyme
or target metabolite that is part of an enzymatic reaction that
consumes or generates an enzymatic cofactor or coenzyme
(referred to herein as a “coenzyme™), such as an enzymatic
reaction involved in human metabolism. Thus, the target
enzyme or metabolite is a component of an enzymatic reac-
tion, wherein the reaction converts the concentration of target
enzyme or metabolite in the sample into a coenzyme concen-
tration, which is then measured or detected by a PGM. In
some examples, for example when a sensor or lateral flow
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device is used, the method can include contacting the lateral
flow device with asample under conditions sufficient to allow
the target agent in the sample to flow through the lateral flow
device and interact with various reagents present on the lat-
eral flow device, including starting products needed for the
enzymatic reaction that utilizes the target. Consumption or
reduction of the coenzyme is detected, for example with a
PGM. In some examples, for example when macro- or micro-
fluidic device is used, the method can include introducing the
test sample into the device under conditions sufficient to
allow the target agent in the sample to flow through the device
and interact with various reagents present in or introduced
into the device (such as those present in one or more mixing
chambers). including starting products needed for the enzy-
matic reaction that utilizes the target. If present, the coenzyme
exits the device through a port, and can be detected for
example with a PGM.

[0087] Insome examples, the method includes contacting a
test sample (such as a blood sample or urine sample or other
type of sample, such as an environmental or food sample)
with one or more starting products, wherein the starting prod-
ucts are components of the enzymatic reaction that utilizes
the target enzyme or metabolite. In some examples, the
method uses at least two starting products (such as three or
more, or four or more, such as 1,2, 3,4, 5,6,7,8,9or 10
different starting products, such as (a) an enzyme or substrate
(that which is acted upon by an enzyme) and (b) NAD" or
NADH). For example, if the target is a metabolite, the starting
products can include at least one enzyme (suchas 1,2, 3, 4, 5,
6,7, 8, 9 or 10 different enzymes ) and NAD* or NADH. If the
target is an enzyme, the starting products can include at least
one substrate (such as 1, 2, 3,4, 5, 6,7, 8, 9 or 10 different
substrates) and NAD* or NADH. The test sample and one or
more starting products are incubated under conditions that
allow the enzymatic reaction that utilizes the target enzyme or
metabolite to consume or generate a coenzyme. The method
then includes detecting the coenzyme with a PGM, and cor-
relating the amount of coenzyme detected to an amount of
target present in the test sample. Detecting the coenzyme can
be qualitative or quantitative.

[0088] In particular examples, the sample is obtained from
a subject, such as a human subject. In such examples, the
method can further include obtaining the sample from the
subject. In some examples, the method includes selecting a
subject having or suspected of having a particular disease
associated with the target enzyme or metabolite. In some
examples, the method further includes determining that the
subject has a particular disease depending on whether the
target enzyme or metabolite is detected or not (or is increased
or decreased relative to an appropriate normal control or
reference value, such as a sample from a subject that does not
have the disease screened for or a reference value indicting
absence of the test agent). In some examples, the method
includes treating the subject for the disease diagnosed using
the disclosed methods.

[0089] Insome examples, the method includes detecting or
determining a level or amount of, for example in a subject
who received the drug. Mycophenolate can be detected by
monitoring the inhibition of its targeted enzyme, inosine
monophosphate dehydrogenase, which utilizes NADH/
NAD* as the coenzyme.

[0090] In particular examples, the sample is obtained from
an environmental or food source. In such examples, the
method can further include obtaining the sample from the
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environmental or food source. In some examples, the method
includes selecting an environmental or food source contain-
ing or suspected of containing a particular pathogen associ-
ated with the target enzyme or metabolite.

[0091] In some examples, detection of the coenzyme indi-
cates the presence of the target in the sample, and an absence
of detected coenzyme indicates the absence of the target in the
sample (directly proportional). In other examples, detection
of coenzyme indicates the absence of the target in the sample,
and an absence of detected coenzyme indicates the presence
of the target in the sample (inversely proportional). In some
examples, the coenzyme detected 1s compared to a control,
such as a reference value(s) indicating the presence or
absence of the target or samples known to have or nothave the
target (such as a reference sample or plurality of samples
containing a known amount of target or a sample known not
to contain the target).

[0092] In some examples, the disclosed methods include
neutralizing the resulting reaction, for example from a basic
pH to a neutral pH (for example to a pH of about 6.5 to 7.5,
such as pH 6.8 to 7.2), after the coenzyme is produced or
consumed, but before it is detected with a glucose meter. For
example the reaction can be incubated or contacted with a
buffer containing phosphate buffers (e.g., sodium, potassium
or ammonium salts, such as NaH,PO, and the like), and other
buffers such as Tris-HCl, HEPES, MES, NaHCO,—
Na,CO;, and the like.

[0093] In some examples, the sample is incubated with
reagents to remove glucose from the test sample, such as
incubation with hexokinase, MgCl,, and ATP. Hexokinase is
an enzyme capable of converting glucose into glucose-6-
phosphate in the presence of ATP. Glucose-6-phosphate is not
detectable in glucose meters and ATP does not interfere with
glucose detection. Thus, in some examples the sensors pro-
vided herein include hexokinase (and in some examples also
MgCl, and ATP), for example on a solid support (such as a
reagent pad) or in a mixing chamber.

[0094] In some examples, the sample is incubated with
agents to increase the amplification of the coenzyme, such as
NADH. For example, to detect lactate, the step of NADH
conversion to NAD+ can be amplified by using lactate oxi-
dase (LOX) to convert lactate to pyruvate, and the pyruvate is
further changed back to lactate by LDH to consume one
NADH. In this case, one lactate can be used many times in the
reaction to induce the consumption of multiple NADHs.
[0095] In particular examples, the PGM used is one that
uses a test strip that includes glucose oxidase (GOx).
Examples of PGMs that use GOx include but are not limited
to: Bayer Breeze 2®, Medisense Optimum Xeed®, and One-
Touch® (such as OneTouch Ultra®, OneTouch Horizon® or
OneTouch Surestep®). In particular examples, the PGM used
is one that does not use a test strip that includes glucose
dehydrogenase (such as glucose dehydrogenase/pyrrolo-
quinolinequinone GDH/PQQ). Thus, in some examples, the
test strip used has glucose oxidase or glucose dehydrogenase.
However, in some examples, the test strip used does not
include these enzymes, as the bare test strips (e.g., electrodes)
can detect redox-active cofactors (e.g., coenzymes such as
NADH or NADPH).

Detecting Target Agents that Generate or Consume NADH or
NADPH

[0096] The targets that can be detected with the disclosed
methods, devices, and sensors include those that are part of an
enzymatic reaction that consumes or generates NADH or
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NADPH, as both can be detected with a PGM. Thus, the
presence of targets that are part of an enzymatic reaction that
consume NADH or NADPH can be detected by detecting a
decrease in NADH or NADPH, while targets that are part of
an enzymatic reaction that generate NADH or NADPH can be
detected by detecting a change (e.g., increase) in NADH or
NADPH.

[0097] In one example, the target is an enzyme that con-
sumes or generates NADH or NADPH as part of an enzymatic
reaction (such as where NADH/NAD" or NADPH/NADP*
conversion is involved). Examples of such enzymes, include,
but are not limited to: (1) oxidoreductases (dehydrogenases),
such as glucose-6-phosphate oxidase; lactate dehydrogenase;
amino acid dehydrogenase (such as glutamate dehydroge-
nase); malate dehydrogenase; alcohol dehydrogenase; glyc-
eraldehyde-3-phosphate dehydrogenase; alpha-ketoglutarate
dehydrogenase; and the like, and (2) enzymes related to the
substrates of oxidoreductases, such as pyruvate kinase; galac-
tose-1-phosphate  uridylyltransferase; ~ phenylalanine
hydroxylase; phosphoglucomutase; hexokinase; glucose
isomerase; glucose-6-phosphate isomerase; urease; and the
like. Other examples are listed in Table 1.

[0098] Inoneexample, the targetis a metabolite that serves
as a substrate of an enzymatic reaction which consumes or
generates NADH or NADPH (such as where NADH/NAD*
or NADPH/NADP™* conversion is involved). Examples of
such metabolites, include, but are not limited to: pyruvate;
ammonia; bilirubin; creatinine; cholesterol; triglycerides;
urea; phenylalanine; galactose; and the like. Other examples
are listed in Table 1.

[0099] As described above, selecting appropriate starting
product(s) permits detection of the target enzyme or metabo-
lite, and allows one to develop a sensor that can be used to
detect a particular target enzyme or metabolite. If the target
enzyme consumes or generates NADH or NADPH directly
from a starting product (such as the enzyme G6PD, see FIG.
1A), additional enzymes or materials may not be required.
However, if the target enzyme does not consume or generate
NADH or NADPH directly (such as the enzyme PK, see FIG.
1B), but instead produces a product in the pathway that can be
acted upon by a second enzyme that can consume or generate
NADH or NADPH, the second enzyme (or more enzymes as
needed) can be supplied (for example with the starting prod-
ucts). If the target metabolite serves as a substrate of an
enzymatic reaction that consumes or generates NADH or
NADPH directly from a starting product additional enzymes
may not be required. However, if the target metabolite serves
as a substrate of an enzymatic reaction that does not consume
or generate NADH or NADPH directly (such as citrate, see
FIG. 1C), but instead produces a product in the pathway that
can be acted upon by an enzyme that can consume or generate
NADH or NADPH, the second enzyme (or more enzymes as
needed) can be supplied (for example with the starting prod-
ucts).

[0100] Examples of starting products that can be added to a
test sample to detect a particular target are shown in Table 1.
Such starting products can be added to the sample by way of
asensor, on or in which the starting products are present (e.g,,
by contacting the sample with the sensor or introducing the
sample into the sensor). In some examples, MgCl, is also
present in the testing reaction (e.g., can be a further starting
product). Diseases that correspond to the enzyme or metabo-
lite are also shown. For many of these enzymes or metabo-
lites, when the level deviates from the normal level, this
indicates a problem or disease.



US 2016/0252515 Al

TABLE 1

10

Exemplary target enzymes and metabolites and diseases that can be detected with the disclosed
methods. Agents that are added to/contacted with the sample are also provided.

Additional Reagents Added to

Enzyme Sample (Starting Products) Disorder

glucose-6-phosphate Glucose-6-phosphate, NADH G6PD deficiency

dehydrogenase indicated if a decrease in
NADH or NADPH
detected

lactate dehydrogenase Pyruvate, NADH diagnosis of

amino acid dehydrogenase

malate dehydrogenase

alcohol dehydrogenase

gyceraldehyde-3-phosphate
dehydrogenase

alpha-ketoglutarate dehydrogenase

pyruvate kinase

phenylalanine hydroxylase (PAH)
Hexokinase (coverts glucose to

G6P)

glucose iscmerase
urease

Alanine aminotransferase (aka
alanine transaminase EC 2.6.1.2)
Xanthine oxidase (EC 1.17.3.2)

Metabolite

Amino acid, coenzyme Q, alpha-
ketoglutamate, NADPH, glutamate
dehydrogenase

Oxaloacetate, NADH

Alcohol, NAD+

G3P, NAD+

Alpha-ketoglutarate, Coenzyme-A,
NAD*

phosphoenolpyruvate (PEP),
adenosine diphosphate (ADP),
NADH and lactate dehydrogenase
(LDH)

Phenylalanine, 6-
methyltetrahydropterine

Glucose, ATP, G6P, and NAD+ or
NADP*

glucose

Urea, alpha-ketoglutamate,
NADH, glutamare dehydrogenase,
ADP

Lactate dehydrogenase, NADH or
NAD*

Xanthine, NADH, NADH
peroxidase

pyruvate

ammonia
bilirubin

Creatinine

For pymvate detection, NADH,
LDH, and LOx

For detection of pyruvate kinase,
phosphoenolpyruvate (PEP),
adenosine diphosphate (ADP),
NADH and lactate dehydrogenase
(LDH)

Alpha-ketogluraric acid, NADPH,
L-glutamate dehydrogenase
Anti-bilirubin monoclonal
antibody

creatininase, ATP, creatine kinase,
PK, PEP, LDH, LOx, and NADH

malignancies if
increased NADH is
detected (hence
increased LDH activity)
Glutaryl-CoA
dehydrogenase
deficiency (GDD)
indicated if increased
NADPH detected

Liver disease indicated
if increased NADH
detected

Alcohol dehydrogenase
deficiency indicated if a
decrease in NADH
detected

neoplasms, adult T-cell
leukemias and acute
leukemias.
Neurodegenerative
disorders indicated if
increased NADH
detected

PK deficiency indicated
if an increase in NADH
or NADPH detected

Phenylketonuria (PKU)

Hexokinase deficiency

indicated if an increase
in NADH or NADPH is
detected

Helicobacter pylori
infection indicated if
increased NADH
detected
Hepatocellular injury

Consumption rate of
NADH indicates the
activity of xanthine
oxidase. Lower rate
indicates the xanthine
oxidase deficiency,
indicating high risk of
xanthinuria

Glycolysis
Pyruvate kinase
deficiency (PKD)

Liver diseases including
cirrhosis and hepatitis
Liver diseases

Reduction of NADH
indicates the presence of
creatinine, and thus can
be used to renal
function, monitor the
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TABLE 1-continued
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Exemplary target enzymes and metabolites and diseases that can be detected with the disclosed
methods. Agents that are added to/contacted with the sample are also provided.

Additional Reagents Added to

Enzyme Sample (Starting Products) Disorder
course of renal disease,
and adjust renal function
dependent drug dosages;
Kidney diseases
cholesterol cholesterol esterase, cholesterol Decrease of NADH
indicates the elevation
of cholesterol,
indicating risks for
cardiovascular diseases
triglycerides Lipoprotein Lipase, glvcerol Decrease of NADH
kinase, ATP, PEP, Pyruvate indicates the elevation
kinase, LDH, NADH of triglycerides,
indicating risks for
cardiovascular disease
urea Urease, alpha-ketoglutamate, Kidney diseases
NADH, glutamare dehydrogenase,
ADP
phenylalanine Phenylalanine hydrolase, 6- phenylketonuria (PKU)
methyltetrahydropterin
galactose NADY, galactose dehydrogenase carcinoma and
precancerous lesions
ethanol Alcohol dehydrogenase, NAD* Ethanol poisoning
indicated if an increase
in NADH or NADFH is
detected.
Lactate lactate oxidase (LO,), lactate Decrease of NADH

dehydrogenase (LDH), NADH,
ATP

3-p-hydroxybutyrate (3HB) 3-hydroxybutyrate dehydrogenase

(HBDH), NAD+

ADP Phosphoenolpyruvate, pyruvate

kinase, LDH, NADH, LOx

ATP Creatine, creatine kinase, PEP,

pyruvate kinase, LDH, NADH

L-lysine Lysine dehydrogenase (EC

1.4.1.15), NAD*

indicates the presence of
lactate, and can be used
to diagnose lactic
acidosis and to
determine the lactate
threshold

The presence of NADH
indicates the presence of
3HB, and thus increases
in NADH can be used to
diagnose or monitor for
ketoacidosis
Consumption of NADH
indicates the presence of
ADP, which can be used
to monitor ATPases that
produce ADP and Pi and
kinases that produce
ADP and a
phosphorylated product
Consumption of NADH
indicates the presence of
ATP, which can be used
to monitor cell injury or
disease, such as
angiocardiopathy.
Production of NADH
indicates the presence of
L-lysine, and thus can
be used to detect lysine
deficiency.

[0101]

Thus, markers such as lactate, 3HB, and pyruvate

disease), and G6PD (e.g., to detect G6PD deficiency). In

can be used as indicators of diabetes, or determined in a
sample from a subject having or suspected of having diabetes
(such as type 1 or type II diabetes), or pre-diabetes. For
example, measuring lactate (decreases in NADH) can be used
as a marker of lactic acidosis, a side effect of biguanide drugs
for diabetes. Measuring 3HB (increases in NADH) can be
used as a marker of ketoacidosis. In addition, markers of
disease can also be detected, such as creatinine (e.g., to detect
kidney disease), alanine aminotransferase (e.g., to detect liver

addition, small organic molecules can also be detected, such
as ADP, ATP, and L-lysine.

Detecting Target Agents that Generate or Consume Other
Cofactors

[0102] As shown above in Table 1, other targets that can be
detected with the disclosed methods, devices, and sensors
include those that are part of an enzymatic reaction that con-
sumes or generates other coenzymes besides NADH or
NADPH. Thus, the presence of targets shown in Table 1 that



US 2016/0252515 Al

are part of an enzymatic reaction that consume the coenzyme
can be detected by detecting a decrease in the coenzyme,
while targets that are part of an enzymatic reaction that gen-
erate the coenzyme can be detected by detecting an increase
in the coenzyme. On skilled in the art will appreciate that
other coenzymes are known in the art, as are their correspond-
ing enzymatic reactions. Thus, the disclosure is not limited to
the detection of particular coenzymes. One skilled in the art
can readily apply the principles provided herein to other
coenzymes in addition to NADH and NADPH.

Fxemplary Disorders that can be Diagnosed

[0103] The ability to detect a target enzyme or metabolite
permits diagnosis of disorders associated with such targets. In
some examples the methods include selecting a subject hav-
ing or suspected of having a particular disease, such as those
disorders described below and throughout the application. In
some examples, the sample to be analyzed using the disclosed
methods, devices, and sensors, is obtained from a subject
having or suspected of having particular disease, such as
those disorders described below and throughout the applica-
tion.

[0104] Glucose-6-Phosphate  Dehydrogenase  (G6PD)
Deficiency
[0105] The ability to detect NADH/NADPH using the dis-

closed methods, sensors, and devices permits detection of
G6PD and diagnosis of G6PD deficiency. For example, a
G6PD deficiency is indicated as a decrease in NADH (or
NADPH) as compared to a control, such as a reference value
of G6PD expected in a healthy subject without G6PD defi-
ciency. In some examples, normal values of G6PD for an
adult are about 5-14 unit/g hemoglobin (e.g., see Nicoll et al.
(Eds): Pocket Guide to Diagnostic Tests, 3rd. McGraw-Hill,
New York, N.Y., United States, 2001).

[0106] Inoneexample, detection of significantly decreased
levels of G6PD or decreased levels of NADH (for example
relative to a normal control), or no G6PD or NADH (or
NADPH), indicates that the patient from which the sample
was obtained has G6PD deficiency. For example, if NADH
(or NADPH) is decreased by at least 50%, at least 60%, at
least 75%, or at least 90%, relative to NADH (or NADPH)
detected in a sample from a corresponding normal sample
(e.g., non-G6PD deficiency sample), this would lead to a
diagnosis of G6PD deficiency in the test patient. For example,
if G6PD values are reduced by at least 50%, at least 60%, at
least 75%, at least 80%, at least 80%, or at least 90%, relative
to G6PD detected in a sample from a normal individual (such
as one without G6PD deficiency), this would lead to a diag-
nosis of G6PD deficiency in the test patient.

[0107] G6PD deficiency is the most common human
enzyme defect. Subjects with the disease may exhibit nonim-
mune hemolytic anemia in response to a number of causes,
most commonly infection or exposure to certain medications
or fava beans. Dueto the X -linked pattern of inheritance, most
symptomatic patients are male.

[0108] Abnormal red blood cell breakdown (hemolysis) in
G6PD deficiency can manifestin a number of ways, including
prolonged neonatal jaundice, possibly leading to kernicterus;
hemolytic crises in response to illness (e.g., infections), drugs
(e.g., primaquine, pamaquine, and chloroquine), foods (e.g.,
broad beans), chemicals or diabetic ketoacidosis; and acute
renal failure.

[0109] In most case, prevention is used to treat G6PD defi-
ciency (e.g., avoidance of the drugs and foods that cause
hemolysis). In some examples, vaccination against some
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common pathogens (e.g., hepatitis A and hepatitis B) is used
to prevent infection-induced attacks. In some examples,
blood transfusions are administered, or dialysis can be admin-
istered in acute renal failure. Some patients have their spleen
removed. Folic acid can be administered. Thus, in some
examples, the methods provided herein can further include
such prevention and/or treatment.

[0110] Pyruvate Kinase (PK) Deficiency

[0111] The ability to detect NADH/NADPH using the dis-
closed methods, sensors, and devices permits detection of
G6PD and diagnosis of G6PD deficiency. For example, a PK
deficiency is indicated as an increase in NADH (or NADPH)
as compared to a control, such as a reference value of PK
expected in a healthy subject without PK deficiency. In some
examples, a normal PK value is 179+16 units per 100 mL of
red blood cells.

[0112] Thus, in one example, detection of significantly
increased levels of NADH (or NADPH), or decreased levels
of PK, for example relative to a normal control indicates that
the patient from which the sample was obtained has a PK
deficiency. For example, if NADH (or NADPH) is increased
by at least 20%, at least 50%, at least 100%, or at least 200%,
relative to NADH (or NADPH) detected in a sample from a
corresponding normal sample (e.g., non-PK deficiency
sample), this would lead to adiagnosis of PK deficiency inthe
test patient. For example, if PK values are reduced by at least
50%, at least 60%, at least 75%, at least 80%, at least 80%, or
at least 95%, relative to PK detected in a sample from a
normal individual (such as one without PK deficiency), this
would lead to a diagnosis of PK deficiency in the test patient.
[0113] Pyruvatekinase deficiency is the second most com-
mon cause of enzyme-deficient hemolytic anemia, following
G6PD deficiency. RBC lysis can lead to hemolytic anemia
and may cause jaundice from increased bilirubin.

[0114] Most affected individuals do not require treatment.
Individuals may require blood transfusions or splenectomy.
Treatment is usually effective in reducing the severity of the
symptoms. Thus, in some examples, the methods provided
herein can further include such treatment.

[0115] Disorders Associated with Citrate Deficiency
[0116] The ability to detect NADH/NADPH using the dis-
closed methods, sensors, and devices permits detection of
citrate. Deficiency of citrate in urine indicates a disease, and
thus permits diagnosis of several disorders, such as prostate
cancer and kidney stones. For example, levels of citrate can be
determined by monitoring NADH (or NADPH) concentra-
tion as compared to a control, such as a reference value of
citrate expected in a healthy subject. Normal values for citrate
in the urine are age-dependent, and range from 150 mg to
1200 mg/24 hr secretion in urine, such as 640 mg/day or 3.39
mmol/d (<150 mg/24 hr).

[0117] Thus, in one example, detection of significantly
reduced levels of citrate or NADH (or NADPH) or no citrate
or NADH (or NADPH) (for example relative to a normal
control) indicates that the patient from which the sample was
obtained has an increase risk for developing kidney stones,
has kidney stones, or has prostate cancer. For example, if
citrate or NADH (or NADPH) values are reduced by at least
50%, at least 60%, at least 75%, at least 80%, at least 80%, or
at least 95%, relative to citrate or NADH (or NADPH)
detected in a sample from a normal individual (such as one
without citrate deficiency), this would lead to a diagnosis of
increaserisk for developing kidney stones, has kidney stones,
or has prostate cancer in the test patient.
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[0118] For example, low citrate in human urine (such as
values of less than 2 mmol/day, such as less than 1.7, mmol/d,
less than 1.5, mmol/d or less than 1.2 mmol/d) is an indication
of high risk in kidney stone formation. Thus, detection of
decreased NADH or NADPH levels in urine using the meth-
ods provided herein can indicate an increased risk of devel-
oping kidney stones.

[0119] For example, low citrate in human urine (such as
values of less than 2 mmol/day, such as less than 1.7, mmol/d,
less than 1.5, mmol/d or less than 1.2 mmol/d) or prostatic
fluid (normal is about ~50-200 mM citrate, cancer level is
about 2-20 mM, with levels in seminal fluid about 50% of
prostatic level) is an indication of prostate cancer. Thus,
detection of decreased NADH or NADPH levels in urine or
prostatic fluid using the methods provided herein can indicate
can indicate the subject has prostate cancer. Thus, in some
examples, such a method is used to monitor a patient’s pros-
tate cancer before, during and/or following treatment.
[0120] Disorders Associated with Increased Ethanol
[0121] The ability to detect NADH or NADPH using the
disclosed methods, sensors, and devices permits detection of
ethanol, and thus permits diagnosis of several disorders, such
as ethanol poisoning and toxicity testing. For example, levels
of ethanol can be determined by monitoring NADH (or
NADPH) concentration as compared to a control, such as a
reference value of ethanol expected in a healthy subject (e.g.,
>0.10% by volume in blood, such as 0%). Such methods can
be used for DUI or DWI testing to determine a person’s
blood-alcohol level.

[0122] Thus, in one example, detection of significantly
increased levels of ethanol or NADH (or NADPH) (for
examplerelative to a normal control) indicates that the patient
from which the sample was obtained has ethanol poisoning.
For example, if ethanol or NADH (or NADPH) values are
increased by at least 5%, at least 10%, at least 50%, at least
100%, or at least 200%, relative to ethanol or NADH (or
NADPH) detected in a sample from a normal individual (such
as one without ethanol poisoning), this would lead to a diag-
nosis of ethanol poisoning in the test patient.

[0123] For example, increased ethanol in human blood or
fractions thereof (such as values of at least 0.05%, by volume
in blood, such as 0.06%, 0.07%, 0.08%, 0.09%, 0.1%, 0.2%
0.3%, 0.4%, or 0.5% by volume in blood, such as 1-10 mM or
5-10 mM), is an indication of ethanol poisoning. Thus, detec-
tion NADH levels of at least 6 mM or at least 10 mM in the
blood can indicate ethanol poisoning.

[0124] Insome examples, the methods permit detection of
a person’s blood alcohol level, such as levels of at least
0.01%, by volume in blood, such as at least 0.02%, at least
0.03%, at least 0.04%, at least 0.05%, at least 0.06%, at least
0.07%, at least 0.08%, at least 0.09%, at least 0.1%, at least
0.15%, at least 0.2%, at least 0.3%, at least 0.4%, or at least
0.5% by volume in blood, such as 0.01 to 0.6% or 0.01 to
0.5%.

[0125] Disorders Associated with Increased Lactate
[0126] The ability to detect NADH/NADPH using the dis-
closed methods, sensors, and devices permits detection of
lactate, and thus permits diagnosis of several disorders, such
as tiredness and lactic acidosis. High lactate concentration in
the blood is an indicator of tiredness and acidosis. Thus,
during exercises or abnormal conditions, monitoring lactate
concentration in blood is useful. In addition, lactic acidosis is
also the most severe side effect of widely prescribed bigu-
anide drugs for diabetes.” Thus, the disclosed methods and
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sensors can be used to monitor patients on such drugs. In
some examples, the normal concentration range of lactate in
blood is about 0.5 to 1 mM, or 0.5 to 22 mM. In some
examples, lactic acidosis indicated with values above 5 mM
or above 22 mM.

[0127] For example, levels of lactate can be determined by
monitoring NADH (or NADPH) concentration as compared
to a control, such as a reference value of lactate expected in a
healthy subject. Thus, in one example, detection of signifi-
cantly decreased levels of NADH (or NADPH) or no lactate
or NADH (or NADPH) (for example relative to a normal
control) indicates that the patient from which the sample was
obtained has lactic acidosis. For example, if NADH (or
NADPH) values are reduced by at least 50%, at least 60%, at
least 75%, at least 80%, at least 80%, or at least 95%, relative
to lactate or NADH (or NADPH) detected in a sample from a
normal individual (such as one without lactic acidosis), this
would lead to a diagnosis of lactic acidosis. For example, if
lactate values are increased by at least 5%, at least 10%, at
least 50%, at least 100%, or at least 200%, relative to lactate
detected in a sample from a normal individual (such as one
without lactic acidosis), this would lead to a diagnosis of
lactic acidosis in the test patient. For example, high lactate in
human blood (such as values of >5 mM, such as >22 mM, for
example as compared to normal range of 0.5-22 mM) is an
indication of high risk in acidosis. Thus, detection NADH or
NADPH levels of less than 22 mM in blood can indicate an
increased risk of developing acidosis or having lactic acido-
sis.

[0128] Disorders Associated with Increased 3-p-Hydroxy-
butyrate (3HB)
[0129] The ability to detect NADH/NADPH using the dis-

closed methods, sensors, and devices permits detection of
3HB, and thus permits diagnosis of ketoacidosis, for example
in a patient with diabetes (such as type 1 or type II diabetes).
Elevated 3HB concentration in the blood is an indicator of
ketoacidosis. Thus, the disclosed methods and sensors can be
used to monitor such patients. In some examples, the normal
concentration range of 3HB in blood is about 1 mM. In some
examples, hyperketonemia is from about 1 mM to 3 mM, and
ketoacidosis is above 3 mM.

[0130] For example, levels of 3HB can be determined by
monitoring NADH (or NADPH) concentration as compared
to a control, such as a reference value of 3HB expected in a
healthy subject (such as one with a 3HB concentration of
about 1 mM). Thus, in one example, detection of significantly
increased levels of NADH (or NADPH) (for example relative
to a normal control) indicates that the patient from which the
sample was obtained has hyperketonemia or ketoacidosis.
For example, if NADH (or NADPH) values are increased by
at least 50%, at least 60%, at least 75%, at least 80%, at least
80%, or at least 95%, relative to 3HB or NADH (or NADPH)
detected in a sample from a normal individual (such as one
without hyperketonemia or ketoacidosis), this would lead to a
diagnosis of hyperketonemia or ketoacidosis. For example, if
3HB values are increased by at least 20%, at least 50%, at
least 100%, at least 200%, or at least at least 300%, relative to
3HB detected in a sample from a normal individual (such as
one without hyperketonemia or ketoacidosis), this would lead
to a diagnosis of hyperketonemia or ketoacidosis in the test
patient.
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Samples

[0131] Any specimen that may contain (or is known to
contain or is suspected of containing) a target agent can be
used. Biological samples are usually obtained from a subject
and can include genomic DNA, RNA (including mRNA),
protein, metabolites, or combinations thereof. Examples
include a tissue or tumor biopsy, fine needle aspirate, bron-
chioalveolar lavage, pleural fluid, spinal fluid, saliva, sputum,
surgical specimen, lymph node fluid, ascites fluid, peripheral
blood or fractions thereof (such as serum or plasma), urine,
semen, saliva, buccal swab, and autopsy material. Techniques
for acquisition of such samples are well known in the art.
Serum or other blood fractions can be prepared in the con-
ventional manner. Samples can also include fermentation
fluid and tissue culture fluid.

[0132] Environmental samples that can be analyzed using
the methods provided herein include those obtained from an
environmental media, such as water, air, soil, dust, wood,
plants or food.

[0133] Inoneexample the sample is a food sample that can
be analyzed using the methods provided herein, such as a
dairy, meat, fruit, or vegetable sample. For example, using the
methods provided herein, adulterants in food products can be
detected. In one example, an enzyme from a pathogenic bac-
terium is detected, such as alkaline phosphatase.

[0134] In some examples, a sample is a control sample,
such as a sample known to contain or not contain a particular
amount of the target enzyme or metabolite.

[0135] Once a sample has been obtained, the sample can be
used directly, concentrated (for example by centrifugation or
filtration), purified, liquefied, diluted in a fluid, or combina-
tions thereof. In some examples, the sample is not manipu-
lated prior to its analysis, other than to apply it to the sensor.
For example, in some examples the sample is not pre-treated
to remove proteins (e.g., hemoglobin or other serum proteins)
prior to analysis of the sample. In some examples, the sample
is treated to remove glucose (for example by incubating the
sanple with ATP, MgCl,, and hexokinase, which in some
examples is part of the sensor or device or in other examples
this step is done before the sample is contacted with the sensor
or device), and the resulting preparation analyzed using the
methods provided herein.

Sensors and Devices for Detecting Target Enzymes
or Metabolites

[0136] Provided herein are sensors and devices that can be
used to detect one or more target enzymes or metabolites.
Such sensors and devices can be engineered using the meth-
ods provided herein to detect a broad range of targets, signifi-
cantly facilitating rational design and increasing the effi-
ciency of sensor and device development. Such sensors and
devices take advantage of the ability of glucose meters, such
as a PGM, to detect coenzymes such as NADH and NADPH.

[0137] Insome examples, one or more sensors are part of a
device, such as a lateral flow device or fluidic device (e.g.,
microfluidic or macrofluidic device). In some examples, mul-
tiple sensors are combined into a single device, thereby per-
mitting detection of more than one target. Using this general
methodology, sensitive and selective particular examples for
the detection (and in some examples quantification) of G6PD,
PK, citrate, lactate, ethanol, and pyruvate are reported herein
that require only a commercially available PGM to do the
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detections. Using this platform, sensors and devices for tar-
gets using a PGM can be achieved through the general
approach described herein.

[0138] Disclosed herein are sensors and devices that permit
detection of one or more target agents, such as an enzyme or
metabolite, as indicated by an increase or decrease in one or
more coenzymes involved in an enzymatic reaction of which
the target is a part of. If the enzymatic reaction produces or
consumes the coenzyme directly from a starting product
(such as G6P), additional enzymes may notbe required. How-
ever, if the enzymatic reaction produces or consumes the
coenzyme indirectly from a starting product (such as PEP),
additional enzymes and starting products (e.g., pyruvate and
LDH to detect PK) can be supplied (for example with the
starting products).

[0139] In one example, the sensor includes a solid support
to which is attached one or more starting products (such as
two or more, three or more, or four or more, such as 1,2, 3, 4,
5,6,7,8, 9 or 10 different starting products, such as at least
one enzyme or substrate and NAD* or NADH, such as at least
2, at least 3, or at least 4, suchas 1,2,3,4,5,6,7,8, 9or 10
different enzymes or substrates) needed for an enzymatic
reaction that utilizes the target enzyme or target metabolite
and consumes or generates the coenzyme, which results in
coenzyme production or consumption. Methods of attaching
or immobilizing reagents to a solid support (such as one that
is partofalateral flow device) are well known in the art. In one
example, reagents are suspended (e.g., dissolved) in a solu-
tion, such as an aqueous solution, such as water or a buffer,
and then applied to the solid support. The solution is then
allowed to dry or can be lyophilized, thereby attaching the
reagents to the solid support. In some examples the sensor
further includes a sample pad, a filter pad, and/or an absorp-
tion pad. The sensor can include a solid support having sepa-
rate areas. In one example, the areas of the sensor having
reagents attached thereto are membranes (for example for a
lateral flow device), which can in some examples be inter-
spersed with other solid supports without reagents (such as
other membranes). In another example, the areas of the sensor
having reagents attached thereto are beads (e.g. magnetic
beads or polymer beads, such as agarose or sepharose beads),
or walls of a chamber (for example for a micro- or macro-
fluidic device), which can in some examples be interspersed
with other solid supports without reagents (such as one or
more filters).

[0140] In one example, the sensor includes a solid support
which includes one or more discrete regions having attached
thereto one or more starting products needed foran enzymatic
reaction that utilizes the target enzyme or target metabolite
and consumes or generates the coenzyme, which results in
coenzyme production or consumption. Such a solid support
can form one or more walls of a chamber (e.g., a holding
chamber or a mixing chamber were desired reactions can
occur) that is part of the sensor or device. For example, the
device can include a first (and optionally a second) mixing
chamber, which can include buffers, pre-treatment reagents,
and/or one or more starting products (such as two or more,
three or more, or four or more, suchas 1,2,3,4,5,6,7,8,9
or 10 different starting products, such as at least one enzyme
or substrate and NAD* or NADH), between the region con-
taining the sample port and the region containing the outlet.
The sensor can include a solid support having separate areas.
In one example, the areas of the sensor having reagents asso-
ciated therewith are holding or mixing chambers, which can
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in some examples be interspersed with other areas (such as a
filter). In some examples, such as a lateral flow device, the
solid support includes one or more membranes.

[0141] In some examples, the solid support includes a
region (such as a membrane or chamber) that has attached
thereto reagents that can neutralize a basic pH to a neutral pH,
such as a phosphate buffer (e.g., sodium, potassium or ammo-
nium salts, for example, NaH,PO, and the like), as well as
other buffers such as Tris-HCI, HEPES, MES, NaHCO,—
Na,CQOj;, and the like. Such a region is generally located on
the device or sensor after regions where the enzymatic reac-
tion takes place (e.g., generation or consumption of coen-
Zyme).

[0142] A solid support can also have an entry and exit port.
In one example, the solid support includes a region (such as a
membrane or chamber) that includes buffer reagents (such as
Tris-HCl, HEPES, MES, NaHCO,—Na,COj, and the like).
The coenzyme can be released from the device, for example
through an exit port, wherein it is subsequently detected and
in some examples quantified, using a PGM. In some
examples, the solid support includes aregion (such as a mem-
brane or chamber) that has attached thereto reagents that can
neutralize a basic pH to a neutral pH, such as a phosphate
buffer (e.g., sodium, potassium or ammonium salts, for
example, NaH,PO, and the like), as well as other buffers such
as Tris-HCl, HEPES, MES, NaHCO,—Na,COj;, and the like.
Such a region is generally before the exit port, and after
regions where the enzymatic reaction takes place (e.g., gen-
eration or consumption of coenzyme).

[0143] The coenzyme can be detected and in some
examples quantified, using a PGM. In some examples, the
amount of coenzyme produced or consumed is proportional
to the amount of target enzyme or target metabolite in the test
sample. Thus, in some examples, if coenzyme is detected, this
indicates that the target or is present in the sample. In other
examples, if coenzyme is not detected or is reduced, this
indicates that the target is not present or is decreased in the
sample (relative to a normal sample).

[0144] Inoneexample, the target enzyme is G6PD. In such
an example, the one or more starting products include G6P
and NAD+ or NADP+. Thus, the solid support can include an
area or region that has attached thereto, or holds, G6P and
NAD+ or NADP+.

[0145] Inanother example, the target enzyme is PK. In such
an example, the one or more starting products include phos-
phoenolpyruvate (PEP), adenosine diphosphate (ADP),
NADH and lactate dehydrogenase (LDH). Thus, the solid
support can include an area or region that has attached thereto,
or holds, PEP, ADP, NADH and LDH.

[0146] In one example, the target metabolite is citrate. In
such an example, the one or more starting products include
citrate lyase (CL), acetyl coenzyme A, malate dehydrogenase
(MDH), NADH and LDH. Thus, the solid support can include
an area or region that has attached thereto, or holds, CL, acetyl
coenzyme A, MDH, NADH and LDH.

[0147] In another example, the target metabolite is lactate.
In such an example, the one or more starting products include
lactate oxidase (LOx), LDH and NADH. Thus, the solid
support can include an area or region that has attached thereto,
or holds, LOx, LDH and NADH.

[0148] In one example, the target metabolite is ethanol. In
such an example, the one or more starting products include
ADH and NAD". Thus, the solid support can include an area
or region that has attached thereto, or holds, ADH and NAD"*.
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[0149] 1In one example, the target metabolite is 3-f-hy-
droxybutyrate (3HB). In such an example, the one or more
starting products include 3-hydroxybutyrate dehydrogenase
(HBDH) and NAD™. Thus, the solid support can include an
area or region that has attached thereto, or holds, HBDH and
NAD™*.

[0150] Inoneexample, the target metabolite is pyruvate. In
such an example, the one or more starting products include
LDH, LOx, and NADH. Thus, the solid support can include
an area or region that has attached thereto, or holds, LDH,
LOx, and NADH. Required oxygen for the reaction can be
supplied from the ambient air.

[0151] In one example, the target metabolite is creatinine.
In such an example, the one or more starting products include
creatininase, ATP, creatine kinase, PK, PEP, LDH, LOx, and
NADH. Thus, the solid support can include an area or region
that has attached thereto, or holds, creatininase, ATP, creatine
kinase, PK, PEP, LDH, LOx, and NADH. Required oxygen
for the reaction can be supplied from the ambient air.

[0152] In another example, the target metabolite is FAD-
dependent D-lactate dehydrogenase and the one or more
starting products include FADH,,. Thus, the solid support can
include an area or region that has attached thereto, or holds,
FADH,.

[0153] In another example, the target metabolite is FAD-
dependent sarcosine oxidase and the one or more starting
products comprise FAD. Thus, the solid support can include
an area or region that has attached thereto, or holds, FAD.

[0154] In another example, the target metabolite is FAD-
dependent D-proline dehydrogenase and the one or more
starting products comprise FAD. Thus, the solid support can
include an area or region that has attached thereto, or holds,
FAD.

[0155] In another example, the target metabolite is FMN-
dependent [-lactate dehydrogenase and the one or more start-
ing products comprise FMNH,. Thus, the solid support can
include an area or region that has attached thereto, or holds,
FMNH,,.

[0156] In some examples, in addition to containing one or
more starting products, the solid support can include an area
or region that has attached thereto, or holds, reagents to
remove glucose from the sample, such as hexokinase (and
optionally MgCl, and/or ATP). In one example, such glucose-
removing reagents are suspended (e.g., dissolved) in a solu-
tion, such as an aqueous solution, such as water or a buffer,
and then applied to the solid support. The solution is then
allowed to dry or can be lyophilized, thereby attaching the
reagents to the solid support. In some examples, such agents
are on the same solid support as the starting products. In other
examples, such agents are in/on a different region of the solid
support, such as a region that is encountered by the sample
prior to the region containing the starting products (e.g., see
FIG. 15).

[0157] The solid support can further include attached
thereto agents that permit detection of a coenzyme, such as
materials routinely found on commercially available glucose
meter strips. For example, the “endpoint” of the disclosed
solid supports (for example an area containing a coenzyme or
from where a coenzyme is released) can be connected to the
start point of any commercial glucose meter strip (such as
those containing glucose oxidase or glucose dehydrogenase).
Exemplary glucose meter strips include but are not limited to
Glucocard® and OneTouch® (also see U.S. Pat. Nos. 6,413,
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410 and 6,733,655). Thus, in one example, the solid support
further includes a region that has attached thereto glucose
oxidase.

[0158] The sensor can include additional materials, such as
one or more reaction pads (or membranes) on which the
desired reactions can occur, a sample pad to which the sample
is applied, a filter to remove or reduce unnecessary materials
(such as cell debris or large proteins), an absorption pad
where the cofactor or coenzyme is delivered and read by a
glucose meter, or combinations thereof.

[0159] Methods of using the sensors (such as a lateral flow
device, macrofiuidic device or microfiuidic device) for one or
more targets are also provided. For example, such a method
can include contacting a sensor with a test sample under
conditions sufficient to allow a target in the test sample to
interact with the one or more starting products, under condi-
tions wherein a coenzyme is produced or consumed. In some
examples, this reaction occurs on a reaction pad, such as a first
or second reaction pad. In some examples, this reaction
occurs in a mixing or holding chamber. The coenzyme is
detected, for example with a PGM. In some examples, the
coenzyme is present on an absorption pad, which is read by a
PGM. The amount of coenzyme detected can be proportional
or inversely proportional to the amount of target present in the
sample. Thus, in some examples the method includes deter-
mining that the target agent is present in the sample when the
coenzyme is detected, while in other examples the method
includes determining that the target agent is not present in the
sample when the coenzyme is not detected.

[0160] In aspecific example, the method includes contact-
ing one or more lateral flow devices with a sample under
conditions sufficient to allow the target in the sample to flow
through the lateral flow device and interact with the one or
more starting products present on the lateral flow device (for
example on a first reagent pad), and generating or consuming
a coenzyme (for example on a first reaction pad). If present,
the coenzyme can flow to an absorption pad present on the
lateral flow device. In some examples, the coenzyme flows
through the lateral flow device and interacts with pH neutral-
izing agents present on the lateral flow device. The coenzyme
is detected, for example with a PGM. In some examples, the
coenzyme is present on an absorption pad, which is read by a
PGM.

[0161] Forexample, as shown in FIG. 20, samples contain-
ing target or not are applied to the sample pad of a lateral flow
device. If desired, liquid can be added to the sample, or the
sample can be concentrated, before applying it to the sample
pad. In one example, a fluid sample containing or suspected of
containing a target is applied to the sample pad, for example
dropwise or by dipping the end of the device into the sample.
If the sample is whole blood, an optional developer fluid can
be added to the blood sample to cause hemolysis of the red
blood cells and, in some cases, to make an appropriate dilu-
tion of the whole blood sample. In some examples wherein
the sample is whole blood, the sample pad can include one or
more reagents that result in lysis of the red blood cells, such as
a sample pad containing ammonium chloride, potassium
bicarbonate and EDTA. In some examples (not shown), the
sample pad (or subsequent reagent pad, or the reagent pad
containing the starting reagents) includes hexokinase (and
optionally ATP and/or MgCl,) to remove glucose in the
sample. The sample pad ensures a controllable (unilateral)
flow of the sample. The sample migrates from the bottom to
the top of the lateral flow device following the indicated flow
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direction in FIG. 20 because of capillary force. In the reagent
pad, the solution can take starting reagents present in the
reagent pad along with it and then they reach the higher
reaction pad. In other examples (not shown), the solution
migrates to the starting reagents present in the reagent pad,
where the reaction is allowed to take place, and the resulting
products migrate to a subsequent absorption pad. In one
example, reagents are suspended (e.g., dissolved) in a solu-
tion, such as an aqueous solution, such as water or a buffer,
and then applied to the solid support. The solution is then
allowed to dry or can be lyophilized, thereby attaching the
reagents to the solid support (such as a reagent pad). Exem-
plary starting reagents are provided herein, and will depend
on the target. In some examples, the reagent pad includes
hexokinase, ATP and MgCl, to remove glucose in the sample.
At the reaction pad, target in the sample and the starting
products can react to produce or consume a coenzyme. How-
ever, in some examples, a reaction pad is not needed, and
instead the reaction occurs in the reagent pad. An optional
second reagent pad includes one or more agents that can
neutralize a pH from basic to neutral (such as an acidic buffer
or reagents). Coenzymes or cofactors will ultimately flow to
the absorption pad, which can be read by a PGM. Such a
lateral flow device can include a bibulous lateral flow strip,
which can be present in housing material (such as plastic or
other material). The amount of coenzyme detected can be
proportional or inversely proportional to the amount of target
present in the sample. Thus, in some examples the method
includes determining that the target agent is present in the
sample when the cofactor or coenzyme is detected, while in
other examples the method includes determining that the
target agent is not present in the sample when the coenzyme
or cofactor is not detected.

[0162] Another example of an exemplary lateral flow
device for detecting lactate or 3HB is shown in FIG. 15.
Samples containing target or not are applied to the sample
pad. If desired, liquid can be added to the sample, or the
sample can be concentrated, before applying it to the sample
pad. In one example, a fluid sample containing or suspected of
containing a target is applied to the sample pad, for example
dropwise or by dipping the end of the device into the sample.
If the sample is whole blood, an optional developer fluid can
be added to the blood sample to cause hemolysis of the red
blood cells and, in some cases, to make an appropriate dilu-
tion of the whole blood sample. In some examples wherein
the sample is whole blood, the sample pad can include one or
more reagents that result in lysis of the red blood cells, such as
a sample pad containing ammonium chloride, potassium
bicarbonate and EDTA. In the examples shown in FIG. 15, the
sample travels to a first reagent pad containing hexokinase
(and optionally ATP and/or MgCl,), which allows glucose in
the sample to be removed. The sample then travels to a second
reagent pad (and/or reaction zone) containing the starting
products, such as NADH, LOx, and LDH (to detect lactate) or
NAD* and HBDH to detect 3HB. In the reagent pad or the
reaction zone, the NAD* or NADH is produced, which will
ultimately flow to the interface (absorption pad), which can be
read by a PGM. Such a lateral flow device can include a
bibulous lateral flow strip, which can be present in housing
material (such as plastic or other material). The amount of
NAD* or NADH detected can be proportional or inversely
proportional to the amount of lactate or 3HB present in the
sample. Thus, in some examples the method includes deter-
mining that the 3HB is present in the sample when NADH is



US 2016/0252515 Al

detected, while in other examples the method includes deter-
mining that the lactate is not present in the sample when
NADH is not detected. One skilled in the art will appreciate
that similar lateral flow devices can be made to detect other
target metabolites or enzymes using the teachings herein.

[0163] In another specific example, the method includes
contacting one or more fluidic devices with a sample under
conditions sufficient to allow the target agent in the sample to
flow through the device and interact with the one or more
starting products present in the fluidic device (macro- or
micro-). For example, starting products can be present in a
single holding or mixing chamber, or divided among cham-
bers. In some examples, in or more starting products can be
introduced into the device (e.g., allowed to flow into the
device). The enzymatic reaction is allowed to proceed, for
example in a mixing or holding chamber, generating or con-
suming a coenzyme. If present, the coenzyme can flow
through the device, for example through an exit port on the
macro- or micro-fluidic device. In some examples, the coen-
zyme flows through the macro- or micro-fluidic device and
interacts with pH neutralizing agents present in the macro- or
micro-fluidic device (such as in a second holding or mixing
chamber). The coenzyme is detected, for example with a
PGM.

[0164] An exemplary microfluidic device that can be used
with the methods provided herein is shown in FIG. 21. The
microfluidic device controls the movement of the sample and
other liquids, dispenses reagents, and merges or splits a
micro-size droplet in the microfluidic device via the voltage
applied to the flow versus the device. As shown in FIG. 21, the
device includes a sample entry port at the top, where the test
sample is introduced into the device. In some examples, the
starting enzyme (e.g., G6P) can be added to the sample before
it is introduced into the device. The solution flows from the
top to the bottom. The device also includes an area containing
one or more holding or mixing chambers, which can include
one or more of the starting products, reagents needed to
remove glucose from the sample (such as hexokinase, MgCl,,
and ATP), red blood cell lysis buffers, anti-coagulation
agents, detergents, suitable buffers for the enzymatic reac-
tion, buffers to neutralize the reaction, or combinations
thereof. Such holding or mixing chambers can dispense the
reagents therein, for example in the form of a droplet, or hold
or contain the reagents. As shown in FIG. 21, the device
includes one or more mixing chambers, where desired reac-
tions can occur (such as the removal of glucose from a
sample, production or consumption of cofactors and coen-
zymes, or combinations thereof). The sample is introduced
into the entry port. In some examples the starting enzyme is
added at this point. However, one skilled in the art will appre-
ciate that the starting enzyme can be present in a mixing or
holding chamber instead. The sample travels to a first mixing
or holding chamber containing buffers and pre-treatment
reagents, such as those needed to remove glucose, lyse cells,
anticoagulation agents, detergents, or combinations thereof.
In some examples, such agents are divided over more than
one chamber. The sample can then flow through a filter, for
example to remove cellular debris and large proteins. Such a
filter can be a membrane or other suitable material. The
sample then flows into a second mixing or holding chamber
containing the additional reagents needed for the enzymatic
reaction (e.g., NADP+, NAD+, ATP, ADP and in some
examples the starting enzyme). The sample and reagents are
incubated in the second mixing chamber for sufficient time to
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ensure completion of the enzymatic reaction (e.g., production
or consumption of the coenzyme). In some examples, the
device also includes a region following of the second mixing
or holding chamber, such as a third holding or mixing cham-
ber (not shown) for buffers and/or neutralizing reagents, that
can for example neutralize the pH of the reaction (e.g., drop-
let) released from the second mixing or holding chamber.
Thus, the sample moves through successive chamber(s) tak-
ing with it reagents therein, such as starting reagents, which
allows target in the sample (if present) and the starting prod-
ucts to react can produce or consume a coenzyme. Produced
cofactors or coenzymes will flow to the exit port, which can
be read by a PGM.

[0165] Although aparticular configuration is shown in FIG.
21, one skilled in the art will appreciate that other configura-
tions are possible, for example more regions or mixing cham-
bers if multiple targets are to be detected in the same sample
on the same device. For example the device can have discrete
regions and mixing chambers foreach target to be detected. In
such an example, the device may include multiple exit ports,
one for each target. The amount of coenzyme detected can be
proportional or inversely proportional to the amount of target
present in the sample. Thus, in some examples the method
includes determining that the target agent is present in the
sample when the coenzyme is detected, while in other
examples the method includes determining that the target
agent is not present in the sample when the coenzyme is not
detected.

Solid Supports

[0166] The solid support which forms the foundation of the
sensor (or device) can be formed from known materials, such
as any water immiscible material. In some examples, suitable
characteristics of the material that can be used to form the
solid support surface include: being amenable to surface acti-
vation such that upon activation, the surface of the support is
capable of covalently attaching desired reagents, such as
starting products (e.g., enzymes, substrates, ATP, ADP,
MgCl,, NAD+, NADP+ and the like); being chemically inert
such that at the areas on the support not occupied by the
desired reagents can interact with the target with desired
specificity are not amenable to non-specific reactions or bind-
ing, or when non-specific binding or reactions occurs, such
materials can be readily removed from the surface without
removing the desired reagents or target agent. In some
examples, the solid support includes a plurality of materials,
such as starting products immobilized onto beads, wherein
the beads are immobilized onto a membrane (such as a
reagent pad).

[0167] Asolid phase canbe chosen forits intrinsic ability to
attract and immobilize an agent, such as starting products.
The factor can include a charged substance that is oppositely
charged with respect to, for example, the desired reagent or to
a charged substance conjugated to the desired reagent. Anti-
bodies and aptamers can be used to attach desired proteins.

[0168] The surface of a solid support may be activated by
chemical processes that cause covalent linkage of a desired
reagent (e.g., enzymes, substrates, ATP, ADP, MgCl,, NAD™,
NADP* and the like) to the support. However, any other
suitable method may be used for immobilizing a desired
reagent to a solid support including, without limitation, ionic
interactions, hydrophobic interactions, covalent interactions
and the like. The particular forces that result in immobiliza-
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tion of a desired reagent on a solid phase are notimportant for
the methods and devices described herein.

[0169] Inoneexample the solid support includes a particle,
such as a bead. Such particles can be composed of metal (e.g,.,
gold, silver, platinum), metal compound particles (e.g., zinc
oxide, zinc sulfide, copper sulfide, cadmium sulfide), non-
metal compound (e.g., silica or a polymer such as agarose or
sepharose), as well as magnetic particles (e.g., iron oxide,
manganese oxide). In some examples the bead is a latex or
glass bead. The size of thebead is not critical; exemplary sizes
include 5 nm to 5000 nm in diameter. In one example such
particles are about 1 um in diameter.

[0170] Inanother example, the solid support is a bulk mate-
rial, such as a paper, membrane, porous material, water
immiscible gel, water immiscible ionic liquid, water immis-
cible polymer (such as an organic polymer), and the like. For
example, the solid support can include a membrane, such as a
semi-porous membrane that allows some materials to pass
while others are trapped. In one example the membrane com-
prises nitrocellulose. In a specific example the solid support is
part of a lateral flow device that includes one or more regions
containing the sensors disclosed herein. In a specific example
the solid support is part of a macro- or micro-fluidic device
that includes one or more regions containing the sensors
disclosed herein. For example, a fluidic device can include
one or more chambers holding or having attached thereto
desired reagents. In some examples such chambers are made
of plastics or other polymer materials, which are well known
in the art.

[0171] In some embodiments, porous solid supports, such
as nitrocellulose, are in the form of sheets or strips, such as
those found in a lateral flow device. The thickness of such
sheets or strips may vary within wide limits, for example, at
least 0.01 mm, at least 0.1 mm, or at least 1 mm, for example
from about 0.01 to 5 mm, about 0.01 to 2 mm, about 0.01 to
1 mm, about 0.01 to 0.5 mm, about 0.02 to 0.45 mm, from
about 0.05 to 0.3 mm, from about 0.075 to 0.25 mm, from
about 0.1 to 0.2 mm, or from about 0.11 to 0.15 mm. The pore
size of such sheets or strips may similarly vary within wide
limits, for example from about 0.025 to 15 microns, or more
specifically from about 0.1 to 3 microns; however, pore size is
not intended to be a limiting factor in selection of the solid
support. The flow rate of a solid support, where applicable,
can also vary within wide limits, for example from about 12.5
to 90 sec/cm (i.e., 50 to 300 sec/4 cm), about 22.5 to 62.5
sec/cm (i.e., 90 to 250 sec/4 cm), about 25 to 62.5 sec/cm (i.e.,
100 to 250 sec/4 cm), about 37.5 to 62.5 sec/em (i.e., 150 to
250 sec/4 cm), or about 50 to 62.5 sec/cm (i.e., 200 to 250
sec/4 cm). In specific embodiments of devices described
herein, the flow rate is about 62.5 sec/cm (i.e., 250 sec/4 cm).
In other specific embodiments of devices described herein,
the flow rate is about 37.5 sec/cm (i.e., 150 sec/4 cm).

[0172] Inoneexample, the solid support is composed of an
organic polymer. Suitable materials for the solid support
include, but are not limited to: polypropylene, polyethylene,
polybutylene, polyisobutylene, polybutadiene, polyisoprene,
polyvinylpyrrolidine, polytetrafluroethylene, polyvinylidene
difluroide, polyfluoroethylene-propylene, polyethylenevinyl
alcohol, polymethylpentene, polycholorotrifluoroethylene,
polysulfornes, hydroxylated biaxially oriented polypropy-
lene, aminated biaxially oriented polypropylene, thiolated
biaxially oriented polypropylene, etyleneacrylic acid, thyl-
ene methacrylic acid, and blends of copolymers thereof).
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[0173] Inyetother examples, the solid support is a material
containing, such as a coating containing, any one or more of
or a mixture of the ingredients provided herein.

[0174] A wide variety of solid supports can be employed in
accordance with the present disclosure. Except as otherwise
physically constrained, a solid support may be used in any
suitable shapes, such as films, sheets, strips, or plates, or it
may be coated onto or bonded or laminated to appropriate
inert carriers, such as paper, glass, plastic films, or fabrics.

[0175] The solid support can be any format to which the
molecule specific for the test agent can be affixed, such as
microtiter plates, ELISA plates, test tubes, inorganic sheets,
dipsticks, lateral flow devices, and the like. One example
includes a linear array of molecules specific for the target
agent, generally referred to in the art as a dipstick. Another
suitable format includes a two-dimensional pattern of dis-
crete cells (such as 4096 squares in a 64 by 64 array). As is
appreciated by those skilled in the art, other array formats
including, but not limited to slot (rectangular) and circular
arrays are equally suitable for use. In one example, the array
is formed on a polymer medium, which is a thread, membrane
or film. An example of an organic polymer medium is a
polypropylene sheet having a thickness on the order of about
1 mil. (0.001 inch) to about 20 mil., although the thickness of
the film is not critical and can be varied over a fairly broad
range.

[0176] Inoneexample the format is a bead, such as a silica
bead. In another example the format is a nitrocellulose mem-
brane. In another example the format is filter paper. In yet
another example the format is a glass slide. In one example,
the solid support is a polypropylene thread. One or more
polypropylene threads can be affixed to a plastic dipstick-type
device; polypropylene membranes can be affixed to glass
slides.

[0177] In one example the solid support is a microtiter
plate. For example sensors can be affixed to the wells of a
microtiter plate (for example wherein some wells can contain
a sensor to detect target X, while other wells can contain a
sensor to detect target Y; or several wells might include the
same sensor, wherein multiple samples can be analyzed
simultaneously). The test sample potentially containing a
target of interest can be placed in the wells of a microtiter
plate containing a sensor disclosed herein, and the presence of
the target detected using the methods provided herein in. The
microtiter plate format permits testing multiple samples
simultaneously (together with controls) each in one or more
different wells of the same plate; thus, permitting high-
throughput analysis of numerous samples.

[0178] Insome examples, a disclosed sensor is attached to
more than one solid support. For example, a sensor containing
starting products specific for the target can be attached to a
bead, which can then be attached to a conjugation or reagent
pad of a lateral flow device.

[0179] Each of the supports and devices discussed herein
(e.g., microfluidic device, lateral flow device) can be, in some
embodiments, formatted to detect multiple targets by the
addition of reagents specific for the other targets of interest.
For example, certain wells of a microtiter plate can include
molecules specific for the other targets of interest. Some flow
device embodiments can include secondary, tertiary or more
capture areas containing molecules specific for the other tar-
gets of interest.
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Attaching Materials to a Solid Support

[0180] Methods of conjugating a desired reagent (e.g.,
starting products such as enzymes, substrates, ATP, ADP,
MgCl,, NAD*, NADP* and the like) to the solid support (such
as a reagent pad or to a holding chamber) are conventional.
The conjugation method used can be any chemistry that can
covalently or non-covalently incorporate a desired reagent
with other molecules. In some examples, a desired reagent
(e.g., enzymes, substrates, ATP, ADP, MgCl,, NAD*, NADP*
and the like) is attached to a solid support, such as a conju-
gation pad of a lateral flow device or a holding chamber of a
flow device, simply by suspending the reagent in a solution,
applying the solution to the pad, and allowing the solution to
dry.

[0181] In one example the method uses a reaction that
forms covalent bonds including but not limited to those
between amines and isothiocyanates, between amines and
esters, between amines and carboxyls, between thiols and
maleimides, between thiols and thiols, between azides and
alkynes, and between azides and nitriles. In another example,
the method uses a reaction that forms non covalent interac-
tions including but not limited to those between antibodies
and antigens, and between organic chelators and metal ions.

Lateral Flow Devices

[0182] In one example, the solid support is a lateral flow
device, which can be used to determine the presence and/or
amount of one or more targets in a sample, such as a liquid
sample. A lateral flow device is an analytical device having a
test strip, through which flows a test sample fluid that is
suspected of (or known to) containing a target. Lateral flow
devices are useful to simplify and automate user sample inter-
face and processing. One example of a lateral flow device is a
glucose testing strip. Based on the principles of a glucose
testing or pregnancy strip, lateral flow devices that incorpo-
rate the disclosed sensors can be developed. In some
examples, by using such as lateral flow devices, samples can
be directly contacted with or applied to the lateral flow device,
and no further liquid transfer or mixing is required. Such
devices can be used to detect target agents, for example quali-
tatively or quantitatively.

[0183] Lateral flow devices are commonly known in the art,
and have a wide variety of physical formats. Any physical
format that supports and/or houses the basic components of a
lateral flow device in the proper function relationship is con-
templated by this disclosure. In one example, the lateral flow
devices disclosed in U.S. Pat. No. 7,799,554, Liu et al. (4n-
gew. Chem. Int. Ed. 45:7955-59, 2006), Apilux et al. (Anal.
Chem. 82:1727-32, 2010), Dungchai et al. (4dral Chem.
81:5821-6, 2009), or Dungchai et al. (Analytica Chemica
Acta 674:227-33, 2010) (all herein incorporated by refer-
ence) are used, such as one made using the Millipore Hi-Flow
Plus Assembly Kit. There are a number of commercially
available lateral flow type tests and patents disclosing meth-
ods for the detection of large analytes (MW greater than 1,000
Daltons) (see for example U.S. Pat. Nos. 5,229,073; 5,591,
645;4,168,146;4,366,241; 4,855,240, 4,861,711; and 5,120,
643; European Patent No. 0296724; WO 97/06439; and WO
98/36278). There are also lateral flow type tests for the detec-
tion of small-analytes (MW 100-1,000 Daltons) (see for
example U.S. Pat. Nos. 4,703,017; 5,451,504; 5,451,507,
5,798,273; and 6,001,658). There are also lateral flow type

Sep. 1,2016

tests for the detection of glucose (see for example U.S. Pat.
Nos. 6,413,410 and 6,733,655).

[0184] The construction and design of lateral flow devices
is very well known in the art, as described, for example, in
Millipore Corporation, 4 Skort Guide Developing Immuno-
chromatographic Test Strips, 2nd Edition, pp. 1-40, 1999,
available by request at (800) 645-5476; and Schleicher &
Schuell, Fasy to Work with BioScience, Products and Proto-
cols 2003, pp. 73-98, 2003, 2003, available by request at
Schleicher & Schuell BioScience, Inc., 10 Optical Avenue,
Keene, N.H. 03431, (603)352-3810; both of which are incor-
porated herein by reference.

[0185] Lateral flow devices generally include a strip of
absorbent material (such as a microporous membrane), which
can be made of different substances each joined to the other in
zones, which may be abutted and/or overlapped. In some
examples, the absorbent strip can be fixed on a supporting
non-interactive material (such as nonwoven polyester), for
example, to provide increased rigidity to the strip. Zones
within each strip may differentially contain the reagents (such
as starting products or antibodies) required for the detection
and/or quantification of the particular target being tested for.
Thus these zones can be viewed as functional sectors or
functional regions within the test device.

[0186] These devices typically include a sample applica-
tion area and one or more separate reagent areas in which
desired reagents are immobilized (such as a sensor disclosed
herein). For example, a lateral flow device containing at least
two separate reagent areas (suchas 2,3,4,5,6,7,8,9,10,11,
12, 13, 14, 15 or more) can be used to detect a plurality of
different targets in a single sample. Any liquid (such as a fluid
biological sample) applied in the sample application area
flows along a path of flow from the sample application area,
through the reagent area(s), through an optional reaction area,
to the absorption area. Ultimately, coenzymes, if produced,
flow to a downstream absorbent pad, which can act as a liquid
reservoir. The resulting coenzyme on the lateral flow strip can
be detected with a PGM, for example by insertion of the
device into a PGM.

[0187] In one example where a lateral flow device can
detect multiple targets, the device includes a single wicking
pad or sample application area, and multiple conjugation or
reagent pads, membranes or reaction pads, and absorption
pads (such that one or more conjugation pads are associated
with one or more particular membranes and an absorption
pad). For example, each conjugation pad(s) can include a
different reagents needed to detect a particular target. Thus,
the glucose produced as a result of the target and present on
each absorption pad can be used to detect the presence of a
particular target.

[0188] The lateral flow device can include a wicking or
sample pad (e.g., made of glass fiber, woven fibers, screen,
non-woven fibers, cellulosic filters, or paper), reagent pad
(e.g., made of glass fiber, polyester, paper or surface modified
polypropylene), reaction pad (e.g., made of nitrocellulose
(including pure nitrocellulose and modified nitrocellulose),
nitrocellulose direct cast on polyester support, polyvi-
nylidene fluoride, or nylon), absorption pad (e.g., made of
cellulosic filters or paper), and combinations thereof. Such
pads can abut one another or overlap, and can be attached to
a backing. One of skill in the art will recognize that the
particular materials used in a particular lateral flow device
will depend on a number of variables, including, for example,
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the target to be detected, the sample volume, the desired flow
rate and others, and can routinely select the useful materials
accordingly.

[0189] The test sample is applied to or contacted with the
sample pad (which is usually at the proximal end of the
device, but can for example be at the center of the device for
example when multiple reagent pads are included to detect
multiple targets), for instance by dipping or spotting. A
sample is collected or obtained using methods well known to
those skilled in the art. The test sample may be obtained from
any biological, environmental, or food source. In some
examples, the sample is diluted, purified, concentrated, fil-
tered, dissolved, suspended or otherwise manipulated prior to
assay. The fluid sample migrates distally through all the func-
tional regions of the strip. The final distribution of the fluid in
the individual functional regions depends on the adsorptive
capacity and the dimensions of the materials used.

[0190] The sample pad ensures that the sample moves
through the device in a controllable manner, such that it flows
in a unilateral direction. The sample pad initially receives the
sample, and can serve to remove particulates from the sample.
Among the various materials that can be used to construct a
sample pad, a cellulose sample pad may be beneficial if a
large bed volume (e.g., 250 pl/cm?) is a factor in a particular
application. In one example, the sample pad is made of Mil-
lipore cellulose fiber sample pads (such as a 10 to 25 mm pad,
such as a 15 mm pad). Sample pads may be treated with one
or more release agents, such as buffers, salts, proteins, deter-
gents, and surfactants. Such release agents may be useful, for
example, to promote resolubilization of reagent-pad constitu-
ents, and to block non-specific binding sites in other compo-
nents of a lateral flow device, such as a nitrocellulose mem-
brane. Representative release agents include, for example,
trehalose or glucose (1%-5%), PVP or PVA (0.5%-2%),
Tween 20 or Triton X-100 (0.1%-1%), casein (1%-2%), SDS
(0.02%-5%), and PEG (0.02%-5%). In one example the
sample pad includes reagents to lyse RBCs, such as one
containing ammonium chloride, potassium bicarbonate and
EDTA, such ammonium chloride (8.26 g), potassium bicar-
bonate (1 g) and EDTA (0.037 g) in 1 liter water (0.037 g) in
1 liter water.

[0191] After contacting the sample to the sample pad, the
sample liquid migrates from bottom to the top because of
capillary force (or from the center outwards). The sample
then flows to a first reagent pad, which serves to, among other
things, hold at least some of the reagents needed to convert the
target into a corresponding coenzyme signal. The reagents
can be immobilized to the reagent pad by spotting (for
example the starting reagents can be suspended in water or
other suitable buffer and spotted onto the conjugation pad and
allowed to dry). In one example the reagent pad is 10 to 25
mm, for example 13 mm. When the sample reaches the
reagent pad, target agent present in the sample can interact
with the reagents immobilized to the reagent pad. In some
examples, reactions, such as binding reactions, occur on reac-
tion pads. In some examples, the sample passes through a
series of reagent and reaction/membrane pads. The reaction
pad can be made of known materials, such as a HiFlow Plus
Cellulose Ester Membrane, such as one that is 10 to 40 mm,
for example 25 mm. Finally, if a ¢ coenzyme is produced, it
moves with the flow and reaches the absorption pad, where it
is then detected by a PGM (for example it can be attached to
a commercially available glucose strip, such as one contain-
ing glucose oxidase). The absorbent pad acts to draw the
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sample across the reagent pad(s) and membrane(s) by capil-
lary action and collect it. This action is useful to insure the
sample solution will flow from the sample pad unidirection-
ally through reagent pad to the absorption pad. Any of a
variety of materials is useful to prepare an absorbent pad. In
some embodiments, an absorbent pad can be paper (i.e., cel-
lulosic fibers). One of skill in the art may select a paper
absorbent pad on the basis of, for example, its thickness,
compressibility, manufacturability, and uniformity of bed
volume. The volume uptake ofan absorbent pad made may be
adjusted by changing the dimensions (usually the length) of
an absorbent pad. In one example the absorption pad is 10 to
25 mm, for example 15 mm.

Fluidic Devices

[0192] In one example, the solid support is a macro- or
micro-fluidic device, which can be used to determine the
presence and/or amount of one or more target agents in a
sample, such as a liquid sample. Such devices are also
referred to as “lab-on-a-chip” devices. The development of
microfluidics and microfluidic techniques has provided
improved chemical and biological research tools, including
platforms for performing chemical reactions, combining and
separating fluids, diluting samples, and generating gradients
(for example, see U.S. Pat. No. 6,645,432 and WO
2010091080).

[0193] A portable macro- or micro-fluidic device can be
transported to almost any location. For macro- or microfluidic
assays and devices, test samples (such as a liquid sample) can
be supplied by an operator, for example using a micropipette.
The sample to be tested may be obtained from any biological
source. In some examples, the sample is diluted, purified,
concentrated, filtered, dissolved, suspended or otherwise
manipulated prior to assay. A test sample can be introduced
into an inlet of a microfluidic system and the fluid may be
drawn through the system, for example by application of a
vacuum source to the outlet end of the macro- or micro-fluidic
system.

[0194] Insome examples, starting reagents are pumped in,
for instance by using different syringe pumps filled with the
required reagents. After one fluid is pumped into the microf-
luidic device, a second can be pumped in by disconnecting a
line from the first pump and connecting a line from a second
pump. Alternatively, valving may be used to switch from one
pumped fluid to another. Different pumps can be used for each
fluid to avoid cross contamination, for example when two
fluids contain components that may react with each other or,
when mixed, can affect the results of an assay or reaction.
Continuous flow systems can use a series of two different
fluids passing serially through a reaction channel. Fluids can
be pumped into a channel in serial fashion by switching,
through valving, the fluid source that is feeding the tube. The
fluids constantly move through the system in sequence and
are allowed to react in the channel.

[0195] As an alternative (or in addition to) introducing
starting reagents into the fluidic device, starting reagents and
other desired materials can be present in one or more mixing
or holding chambers, and the sample allowed to interact with
reagents in the chambers as it passes through the device.
[0196] Macro- and micro-fluidic devices for analyzing a
target analyze are well known, and can be adapted using the
disclosed system to detect a target of interest. For example
devices from Axis Shield (Scotland), such as the Afinion
analyzer, analyzers from Claros (Woburn, Mass.), and
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devices from Advanced Liquid Logic (Morrisville, N.C.)
such as those based on eletrowetting. Other exemplary
devices are described in US Patent Publication Nos.
20110315229;20100279310; 2012001830 and 2009031171.

Kits

[0197] The disclosure also provides kits that include one or
more of the sensors or devices disclosed herein, for example
sensors that are part of a lateral flow or fluidic device. For
example, a kit can include at least 2 different sensors permit-
ting detection of at least two different target agents, such as at
least 3, at least 4, at least 5, or at least 10 different sensors. In
a specific example, a kit can include at least 2 different
microfluidic or macrofluidic devices permitting detection of
at least two different target agents, such as at least 3, at least
4, at least 5, or at least 10 different microfluidic or macroflu-
idic devices. In another specific example, a kit can include at
least 2 different lateral flow devices permitting detection of at
least two different target agents, such as at least 3, at least 4,
at least 5, or at least 10 different lateral flow devices.

[0198] Thekits can include one or more sensors or devices
and a carrier means, such as a box, a bag, a satchel, plastic
carton (such as molded plastic or other clear packaging),
wrapper (such as, a sealed or sealable plastic, paper, or metal-
lic wrapper), or other container. In some examples, kit com-
ponents will be enclosed in a single packaging unit, such as a
box or other container, which packaging unit may have com-
partments into which one or more components of the kit can
be placed. In other examples, a kit includes one or more
containers, for instance vials, tubes, and the like that can
retain, for example, one or more biological samples to be
tested, positive and/or negative control samples or solutions
(such as, a positive control sample containing the target
agent), diluents (such as, phosphate buffers, or saline buffers),
a PGM, and/or wash solutions (such as, Tris buffers, saline
buffer, or distilled water).

[0199] Such kits can include other components, such as a
buffer, a chart for correlating detected coenzyme level and
amount of target present, the reagents needed to ultimately
produce or consume the coenzyme (such as ATP, enzymes,
and NAD+) or combinations thereof. For example, the kit can
include a vial containing one or more of the sensors or devices
disclosed herein and a separate vial containing a buffer (for
example a lysis buffer).

[0200] Other kit embodiments include syringes, finger-
prick devices, alcohol swabs, gauze squares, cotton balls,
bandages, latex gloves, incubation trays with variable num-
bers of troughs, adhesive plate sealers, data reporting sheets,
which may be useful for handling, collecting and/or process-
ing a biological sample. Kits may also optionally contain
implements useful for introducing samples onto or into a
device, including, for example, droppers, Dispo-pipettes,
capillary tubes, rubber bulbs (e.g., for capillary tubes), and
the like. Still other kit embodiments may include disposal
means for discarding a used device and/or other items used
with the device (such as patient samples, etc.). Such disposal
means can include, without limitation, containers that are
capable of containing leakage from discarded materials, such
as plastic, metal or other impermeable bags, boxes or con-
tainers.

[0201] Insome examples, a kit will include instructions for
the use of asensor or device disclosed herein. The instructions
may provide direction on how to apply sample to the sensor or
device, the amount of time necessary or advisable to wait for
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results to develop, and details on how to read and interpret the
results of the test. Such instructions may also include stan-
dards, such as standard tables, graphs, or pictures for com-
parison of the results ofa test. These standards may optionally
include the information necessary to quantify target using the
sensor or device, such as a standard curve relating amount of
coenzyme detected to an amount of target therefore present in
the sample.

Example 1

Materials and Methods

[0202] This example describes the materials and methods
used in Examples 2-9 below.

Materials

[0203] All the reagents were purchased from Sigma-Ald-
rich (St. Louis, Mo., USA). The tests were carried out in
HEPES Buffer (200 mM HEPES buffer pH 7.5, 4 mM MgCl,,
50 mM KCl), horse blood, calf blood, human blood, or human
serum. Personal glucose meter (PGM) measurements were
applied to the sample solutions mixed with suitable substrates
or enzymes after a defined time as indicated in the following
procedures. The PGM used was a Bayer Breeze 2® glucose
meter. Other glucose meters can also be used instead due to
their response to NADH.

Glucose-6-Phosphate Dehydrogenase (G6PD) Assay

[0204] In a typical test, 80 nl. HEPES Buffer or human
serum was spiked by 1 pl, G6PD stock solution to a final
concentration of 0-3 U/mL G6PD to serve as test samples.
Then 10 pLL 600 mM glucose-6-phosphate and 10 uLL 250 mM
NAD+(or NADP+) in HEPES Buffer were added to the above
samples to initiate the enzymatic reaction (final concentra-
tions of the reagents were 60 mM glucose-6-phosphate and
25 mM NAD+(or NADP+)). After a defined time (4, 6, or 24
min), the solution was tested by a PGM.

Pyruvate Kinase (PK) Assay

[0205] Inatypical test, 80 uL human serum was spiked by
1 ul PK stock solution to a final concentration of 0 to 6 U/mL
PK to serve as test samples. Then 5 pL. 1.2 M phospho-
enolpyruvate (PEP), 10 pl. 600 mM ADP, 6 pl. 250 mM
NADH and 1 pulL 10 kU/mL lactate dehydrogenase (LDH) in
HEPES Buffer were added to the above samples to initiate the
coupled enzymatic reactions (final concentration of the
reagents were 60 mM PEP, 60 mM ADP, 15 mM NADH and
100 U/mL LDH). After 10 min, the solution was tested by a
PGM.

Citrate Assay

[0206] Inatypicaltest, 54 uL HEPES Buffer was spiked by
6 uL citrate stock solution to a final concentration of 0-12 mM
citrate to serve as test samples. Then 10 pulL 50 U/mL citrate
lyase (CL) containing 1 mM acetyl coenzyme A, 10 ulL 100
U/mL malate dehydrogenase (MDH), 20 uL. 75 mM NADH
and 1 ulL 10kU/mL lactate dehydrogenase (LDH) in HEPES
Buffer were added to the above samples to initiate the coupled
enzymatic reactions (final concentration of the reagents were
5 U/mL CL, 10 U/mL, MDH and 15 mM NADH). After 10
min, the solution was tested by a PGM.
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Lactate Assay

[0207] In atypical test in buffer, 80 pl. HEPES buffer was
spiked by 1 pL lithium L-lactate stock solution to a final
concentration of 0-2 mM lactate to serve as test samples. Then
5 uL 160 U/mlL lactate oxidase (LOx), 5 uL, 800 U/mL LDH
and 10 plL 100 mM NADH in HEPES buffer (200 mM
HEPES pH7.5, 50 mM KCl, 4 mM MgCl, ) were added to the
above samples to initiate the coupled enzymatic reactions
(final concentration of the reagents were 8 U/mL LOx, 40
U/mL LDH and 10 mM NADH). After a defined time (10, 20,
40, 60 or 80 min), the solution was tested by a PGM.

[0208] In a typical test in human serum, 15 pl, human
serum spiked with 0-16 mM lactate was mixed with 65 uL
HEPES Buffer to make a test sample. The protocol for the test
was then the same as that for the test in buffer shown above,
except for a 20 min reaction time.

Background Glucose Removal in G6PD Assay

[0209] Samplesof 70 pL human serum spiked by 0-3 U/mL
G6PD were added with 2.5 ulL, 256 mM MgCI12, 5 plL 320 mM
ATP and 2.5 pLL 100 U/mL hexokinase (final concentrations
were 8 mM MgCl12, 20 mM ATP and 5 U/mL hexokinase). In
5 minutes, the background glucose in human serum was
reduced to an undetectable level for PGM. Then 10 ul. 600
mM glucose-6-phosphate and 10 pl. 250 mM NADP+ in
HEPES Buffer were added to the above samples to initiate the
enzymatic reaction (final concentrations of the reagents were
60 mM glucose-6-phosphate and 25 mM NADP+). After 6
min, the solution was tested by a PGM.

Ethanol Assay

[0210] In atypical test, 80 uL human serum was spiked by
1 plL ethanol stock solution to a final concentration of 0-1%
ethanol as samples, and then 10 pl, 250 mM NAD and 10 uL,
2.5 kU/mL. alcohol dehydrogenase (ADH) in Buffer A (200
mM HEPES buffer pH 7.5, 4 mM MgC12, 50 mM KCI) were
added to the above samples (final concentration of 255 mM
NAD, and 250 U/mL ADH)to initiate the enzymatic reaction
(see below). After 10 minutes, the solution was tested by a
PGM.

NAD* NADH + H*

N~ o

CH;CH,OH H—C—CH;,
ADH
ethanol acetaldehyde
Example 2
Response of PGMs to NADH
[0211] This example describes results showing that PGMs

can be used to measure changes in NADH concentration.

[0212] As shown in FIG. 2B, the glucose meter showed a
linear response to the NADH concentration from 0.5 mM to
10 mM, which indicated NADH/NADPH is PGM-detectable.
The reason is that the oxidative reagents on PGM strips (elec-
trodes) are NADH responsive (NADH induces the oxidation
reaction on the electrode), while NAD*/NADP* is PGM-
inert. Nicotinamide adenine dinucleotide phosphate (reduced
form, NADPH) exhibited a very similar response due to its
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NADH-like chemical properties. However, NAD+/NADP+
did not give any signal in PGMs. In fact, NADH/NADPH acts
similarly as the other cofactors used in the PGM strips, so
PGMs can detect them.'”'*

[0213] Taking advantage of the selective response of PGMs
to NADH/NADPH over NAD+/NADP+, quantitative detec-
tion of NADH/NADPH concentration changes for the assays
of various disease-related enzyme activities and metabolites
can be achieved using PGMs, as shown in the Examples
below. In these methods, NADH-dependent enzymes were
used that can catalyze targets, such as lactate, into products
and in the process convert NAD into NADH (or NADH to
NAD™), which can then be detected by the PGM (FIG. 2A). In
this way, a direct correlation between the presence and con-
centration of the target in the sample and the presence and
intensity of the PGM signals is achieved. In the absence of the
target, the redox reaction will not occur, generating no
NADH, and thus no signal in PGM. NAD+-dependent
enzymes can be applied to this PGM-based sensor design, as
shown in FIG. 2C.

Example 3

Detection of Glucose-6-Phosphate Dehydrogenase
(G6PD)

[0214] This example describes results showing PGMs can
be used to measure G6PD by monitoring NADH or NADPH
concentration.

[0215] G6PD deficiency is the most common defect of red
blood cells, being present in more than 400 million people
worldwide. In 2010, it resulted in about 4,000 deaths globally.
As shown in FIG. 1A, G6PD is responsible for catalyzing the
reaction of glucose-6-phosphate oxidation in the presence of
NAD*/NADP* to yield 6-phosphogluconolacetone and
NADH/NADPH, converting NAD+ into NADH at the same
time.!! Therefore, by monitoring NADH concentration
increase over time using a PGM, the activity of G6PD in
samples can be quantified.

[0216] HEPES Buffer solutions spiked by different con-
centrations of G6PD from yeast (S. cerevisiae) were added
with glucose-6-phosphate and NAD+. As shown in FIG. 3A,
increasing PGM signals were observed for the samples con-
taining increasing activities of G6PD after 4 or 24 minute
reaction.

[0217] Another experiment was performed using both
G6PDs from yeast and L. mesenteroides. The two types of
G6PDs have different preferences for cofactors (yeast G6PD
is specific to NADP+, while G6PD from L. mesenteroides can
use both NADP+ and NAD+). As illustrated in FIG. 3B, the
activities of both G6PDs were successfully quantified in
human serum using PGM in 6 minutes, demonstrating the
method can be used to detect G6PD from difference sources.
[0218] The method was capable of detecting G6PD as low
as 0.07 U/mL, which is far below the clinic cut-off level of
G6PD (around 1.2 U/mlL, calculated from the cut-off level of
around 8.3 U G6PD per gram hemoglobin and around 0.145
g hemoglobin per ml, blood)'®!"!¢ for the diagnosis of
G6PD deficiency.

Example 4

Detection of Pyruvate Kinase (PK)

[0219] This example describes results showing PGMs can
be used to measure PK by monitoring decreases in NADH.
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[0220] In addition to G6PD, the disclosed methods can
monitor the activity of another enzyme PK, which catalyzes
the transformation of phosphoenolpyruvate and ADP into
pyruvate and ATP (FIG. 1B).!* The product pyruvate can be
further converted into lactate in the presence of lactate dehy-
drogenase (LDH) by consuming NADH, thus the PK activity
can be measured using PGMs via monitoring the decrease of
NADH concentration over time.

[0221] For human serum samples spiked with more PK
activities, less PGM signals were observed (black dots in FIG.
4) after reacting with phosphoenolpyruvate, ADP, LDH and
NADH for 10 minutes. To confirm the role of LDH in the
second reaction, a control test was carried out by omitting
LDH in the method. In this case, little decrease in PGM
signals was observed regardless of the PK activity (red dots in
FIG. 4), because the reaction stopped at the stage of pyruvate
production and no NADH consumption occurred.

[0222] The method was sensitive to PK activity as low as
0.18 U/mL, which is also well below the clinic cut-off range
0f2.2~4.4 U/mL (calculated from the cut-off range of 15~30
U PK per gram hemoglobin and around 0.145 g hemoglobin
per mL blood)'"**'® for the diagnosis of PK deficiency.

Examiple 5

Detection of Citrate

[0223] This example describes results showing PGMs can
be used to measure citrate by monitoring NADH.

[0224] Besides enzyme activities, NADH was utilized as
the link for PGMs to measure the concentrations of disease-
related metabolites. Unlike enzymes, these metabolites are
small organic molecules. They can serve as the substrates of
enzymatic reactions in which NADH/NAD+ conversion is
involved. The concentration of the metabolites is then con-
verted to the concentration changes of NADH in samples, so
that their detection can be achieved using PGMs. In fact, there
are several metabolites involved in the above G6PD and PK
assays, including glucose-6-phosphate, phosphoenolpyru-
vate and pyruvate. Their detection using PGMs can be simply
realized by using the G6PD, PK and LDH as enzymes. For
example, glucose-6-phosphate, phosphoenolpyruvate and
pyruvate are substrates of G6PD, PK and LDH, respectively.
They can be measured by adding the enzymes and display
NADH increase (glucose-6-phosphate, NAD+ and G6PD),
decrease (phosphoenolpyruvate, ADP, NADH, PK and
LDH), and decrease (pyruvate, NADH and LDH), respec-
tively.

[0225] Instead of them, the detection of citrate using
NADH-dependent enzymatic reactions was demonstrated.
Low citrate in human urine is an indication of high risk in
kidney stone formation.>” Although there is no NADH-de-
pendent enzyme utilizing citrate directly as substrate, a
coupled enzymatic reaction (FIG. 1C) has been developed to
convert citrate into oxaloacetate and then into NADH con-
sumption by citrate lyase (CL) and malate dehydrogenase
(MDH).** Through this approach, citrate can be quantified by
PGMs.

[0226] As shown in FIG. 5, the more citrate present in
HEPES Buffer containing CL, MDH and NADH, the less
PGM signal detected after a 10 minute reaction. The PGM
signal decrease was due to the consumption of NADH by the
coupled enzymatic reactions. The method was capable of
detecting citrate concentration as low as 0.2 mM, which is
lower than the normal cut-off concentration of citrate in
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human urine (1.75 mM, calculated by 500 mg per day in a
daily urea volume of 1.5 LY’ for indicating the risk of
kidney stone formation.

Example 6

Detection of Lactate Using Signal Amplification

[0227] This example describes results showing PGMs can
be used to measure lactate by monitoring NADH.

[0228] Lactate is a marker for glycolysis and anaerobic
metabolism in clinical diagnostics. High lactate concentra-
tion in blood is an indicator of tiredness and acidosis.® During
exercising or abnormal conditions, monitoring lactate con-
centration in blood is useful, for example to evaluate or deter-
mine the “lactate threshold”, which indicates the physical
training level of a sportsman. In addition, lactic acidosis is
also the most severe side effects of widely prescribed bigu-
anide drugs for diabetes.” Successful monitoring of lactate is
thus helpful for monitoring the safety of the drugs.

[0229] Lactate dehydrogenase (LDH) can catalyze the
inter-conversion between pyruvate/NADH and lactate/
NAD+. However, LDH has a strong preference for lactate
production (the right side of the equilibrium shown in FIGS.
1B and 1D), thus the conversion of lactate/NAD+ into pyru-
vate/NADH is inefficient even in the presence of high con-
centrations of lactate, NAD+ and LDH."? To efficiently con-
vert lactate into the consumption of NADH, a signal
amplification method was developed for lactate detection
using PGMs based on the NADH-based approach.

[0230] Provided herein is a homogeneous assay for the
detection of lactate by a multi-enzymatic cascade reaction
using PGM (FIGS. 6A and 6B). In the presence of lactate
oxidase (LO,), the lactate in blood samples can be converted
to pyruvate. At the same time, lactate dehydrogenase (LDH)
catalyzes the conversion of pyruvate to lactate in the presence
of NADH. These two reactions result in the consumption of
NADH, which can be detected using PGM. As shown in FIG.
6B, hexokinase can be used to remove the background glu-
cose in the blood samples (hexokinase converts glucose to
glucose-6-phosphate (G6P), which is PGM-inert) (e.g., see
Examples 7 and 8).

[0231] To induce sufficient NADH concentration changes
in the presence of lactate, an amplified method was utilized
via the coupled enzymatic reactions involving lactate oxidase
(LOx) and LDH based on substrate recycling (FIG. 1D).* 22
In this approach, lactate was converted to pyruvate by lactate
oxidase (LOx) in the presence of oxygen, and the product
pyruvate was further converted back to lactate by LDH and
consumed NADH. In total, lactate was recycled in the
coupled enzymatic reaction and served like a “catalyst” to
induce the consumption of NADH in multiple turnovers,
enabling signal amplification.

[0232] As shown in FIG. 6C, in HEPES buffer containing
10 mM NADH, 8 U/mL LOx and 40 U/mL LDH, sensitive
detection of lactate is achieved by measuring the decrease of
NADH concentration in the samples. FIG. 6C shows the
detection of lactate concentrations by allowing the mixture to
react for 20 minutes before PGM measurement, while the
FIG. 6D illustrates the time dependent NADH consumption
for a sample containing 0.125 mM lactate, suggesting mul-
tiple turnovers (about 1 turnover per min for lactate) occurred
for signal amplification.

[0233] Themethodhadadetection limit 0f0.01 mM lactate
and a detection range of 0 to 2 mM (FIG. 6C), which is well
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capable of measuring the typical lactate concentrations in
blood (5 to 20 mM),**"* for example by dilution of samples
(e.g., 5to 10 or 5 to 100 fold dilution).

Example 7

Detection of Lactate in Human Serum

[0234] The method was further applied for quantitative lac-
tate detection in human serum.

[0235] Human serum samples (spiked with different con-
centrations of lactate, 0 to 16 mM) were diluted 5-fold and
then measured under the same condition as that in HEPES
Buffer. In some samples, in order to remove the background
glucose in human serum, 5 U/mL hexokinase and 5 mM ATP
were added.

[0236] As shown in FIG. 6E, the detection range for lactate
was 0to 16.0 mM, with a detection limit of 0.3 mM. Thus,
lactate can be detected using PGMs.

Example 8

Background Glucose Removal

[0237] This example describes results of measuring G6PD
using commercially available PGMs following removal of
blood glucose.

[0238] Forsome samples such as serum and blood, glucose
originally present as background. In addition, the background
glucose concentrations in different patient samples may vary
and make the detections patient-dependent. Therefore, a
method was developed to remove this background glucose to
enhance the performance of the PGM-based method for
monitoring enzyme activities and metabolites. With such a
method, the patient-to-patient variations in our NADH-based
method due to difference in blood glucose can be minimized.
Fortunately, glucose differs from NADH, though both of
them are detectable by PGMs. Hexokinase was used as the
enzyme to remove glucose while maintaining NADH. Hex-
okinase catalyzes the conversion of glucose into glucose-6-
phosphate in the presence of ATP.>* Glucose-6-phosphate is
notdetectable in PGMs and ATP does not interfere with PGM
measurement. Thus, this method is efficient in removing the
background glucose.

[0239] FIG. 7A shows the result of removing 20 mM glu-
cose (much higher than blood glucose concentration) in
HEPES Buffer (200 mM HEPES pH 7.5, 50 mM KCl, 4 mM
MgCl,) using 25 mM ATP and 5 U/mL hexokinase. Glucose
(black squares) in the solutions was removed within 10 min to
an undetectable level for PGMs. In contrast, the method did
notaffect the detection of NADH (red dots) by PGMs, so that
the NADH-based detections of enzyme activities and
metabolites can be carried out in the presence of hexokinase
and ATPtoremove background glucose signals. In addition to
HEPES Buffer as the medium, this method was performed in
human serum and the results are shown in FIG. 7B. Human
serum samples were added with 8 mM MgCl, (essential for
hexokinase activities), 25 mM ATP and 5 U/mL hexokinase.
In 5 minutes, the background glucose in human serum was
reduced to an undetectable level for PGMs. In contrast,
NADH detection by PGMs was not affected in the presence of
25 mM ATP and 5 U/mL hexokinase.

[0240] The success in background glucose removal was
used to further apply the method to improve the performance
of PGM-based detection of targets. Taking G6PD detection in
human serum as an example, hexokinase and ATP were added
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to human serum samples containing different activities of
G6PD to convert glucose into glucose-6-phosphate, and then
introduced glucose-6-phosphate and NADP+ into the solu-
tions to initiate the enzymatic reaction to produce NADPH for
PGM measurement. Because glucose-6-phosphate was
addedin excess (>60 mM), the G6PD activity was found to be
independent on the glucose-6-phosphate concentration
increased by hexokinase under these conditions. As shown in
FIG. 8, without the addition of hexokinase and ATP to remove
glucose, a background signal about 88 mg/dL was present due
to the original glucose in the human serum. In contrast, no
background signal was observed when hexokinase and ATP
were introduced to convert glucose into glucose-6-phosphate,
suggesting the effective background glucose removal using
the hexokinase-ATP method.

Example 9

Detection of Ethanol

[0241] This example describes results of measuring ethanol
using commercially available PGMs.

[0242] As shown in FIG. 9, the more ethanol spiked in
human serum, the more PGM signal is detected due to the
production of NADH from ethanol. The method was able to
quantify ethanol concentration as low as around 0.03%,
which is the normal cut-off blood level.

Example 10

Variation of the Method

[0243] A modified lactate detection protocol was used for
lactate detection in 100% human serum and in animal blood
(calf whole blood).

[0244] The mixture of Reagent A (10 mM NADH, 8 U/mL
LOx, 40 U/mL LDH, 50 mM ATP, 50 U/mL hexokinase) and
Reagent B (0-5 mM lactate in HEPES buffer, 200 mM
HEPES pH 7.5, 50 mM KCl, 4 mM MgCl,) were directly
applied to the sample (2 pl of Reagent B+8 ul of Reagent A),
and lactate detected measured using PGM after 10 minute
reaction. The total assay time using this protocol is 10 min-
utes, with a “Turnover rate” (NADH vs. lactate) of about
3.2/min. Thus, this modification can improve the time-to-
result.

[0245] As shown in FIG. 10A, the NADH-PGM based
method can be used to detect lactate in 10 minutes in HEPES
buffer, 100% human serum, and calf blood samples, within
sub-mM detection limits. For example, the detection range of
lactate detection in HEPES buffer was 0 to 5 mM, with a
detection limit of 0.034 mM.

[0246] Validation tests were also performed using an enzy-
matic UV-based method, demonstrating the ability to accu-
rately detect lactate in human serum and calf blood (FIG.
10B) at sub-mM level. The design of enzymatic reaction for
lactate detection using UV-vis method was shown in FIG.
10C. In the presence of lactate oxidase (LOx), the lactate in
samples can be converted to pyruvate. At the same time,
lactate dehydrogenase (LDH) catalyzes the conversion of
pyruvate to lactate in the presence of NADH. These two
reactions result in the consumption of NADH. The UV-vis
absorption of NADH at 340 nm was then monitored using a
spectrophotometer. The NADH consumption rate could be
calculated from UV-vis absorption of NADH at 340 nm,
which is directly related to the concentration of lactate in the
samples.
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[0247] 1In practical applications, it is important to tune the
dynamic range of an assay in order to meet different require-
ments at various circumstances. As shown in FIGS. 11A and
11B, the dynamic range for lactate detection in human serum
could be tuned from 0 to 2.5 mM to 0 to 25.0 mM by simply
altering the ratio between NADH and enzymes (LO, and
LDH). In FIG. 11A, 10 uL. 50 mM NADH was used, while in
FIG. 11B 20 pLL 50 mM NADH was used.

[0248] The NADH-PGM method was used to detect lactate
in a sample in which glucose was removed. As shown in
FIGS.12A and 12B, a good correlation between the disclosed
PGM-based method and the clinical lactate analyzer (YSI
2300 STAT Plus) was achieved. Thus, the background glu-
cose in a blood sample can be removed, and the detection of
lactate is independent of the glucose level in the sample.
[0249] The NADH-PGM based lactate sensor method dis-
closed herein was compared to results achieved using clinical
lactate analyzer (YSI 2300 STAT Plus). A series of human
plasma samples with different lactate levels were evaluated.
As shown in FIG. 13, a positive correlation between these two
methods was found, with a slope of 1.05 and a correlation
coefficient of 0.99, demonstrating that the results from the
two methods matched within the experimental error.

[0250] In summary, the disclosed PGM-based method can
be applied into lactate detection in various sample types,
including buffer, 100% human serum, and animal blood. The
total assay time can be <10 min, blood sample volume of
about 2 ul, with high sensitivity and tunable dynamic range.

Example 11

Detection of 3-p-Hydroxybutyrate

[0251] This example describes methods that can use PGMs
to measure 3-fB-hydroxybutyrate (3HB) by monitoring
NADH.

[0252] The American Diabetes Association advises that
blood ketone testing methods that quantify 3-f-hydroxybu-
tyrate (3HB) will be desirable for the diagnosing and moni-
toring ketoacidosis for diabetic patient management. Normal
levels of 3HB are recognized below 1 mM while hyperke-
tonemia is defined in the range from 1 to 3 mM, and ketoaci-
dosis is defined above 3 mM. Various methods have been
developed for the estimation of 3HB concentration, mostly
based on the enzymatic dehydrogenation to acetoacetate by
3-B-hydroxybutyrate dehydrogenase (HBDH), followed by
the detection of NADH. However, these methods are time
consuming or require special apparatus, e.g., gas chromatog-
raphy, and they are not suitable to be used for point-of-care
detection of 3HB. This disclosure provides methods of using
NADH-responsive PGMs to detect 3HB, by taking advantage
of the NADH-dependent HBDH.

[0253] As shown in FIG. 14, the enzyme 3-hydroxybu-
tyrate dehydrogenase (HBDH) catalyzes the production of
acetoacetate and NADH from 3HB and NAD™. The produced
NADH can be quantified using a PGM. To minimize the
interference from blood glucose, hexokinase can be
employed to convert glucose to G6P, which is PGM-inert
(e.g., not detected by the PGM). Since the NAD™, 3HB, and
acetoneacetate are all PGM-inert, the readout from PGM will
be directly related to the amount of NADH produced from the
enzymatic reaction. The results can be used to calculate the
concentration of 3HB in blood (quantitatively or qualita-
tively).
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Example 12

Exemplary Lateral Flow Strip

[0254] This example describes an exemplary lateral flow
strip that can be used with the disclosed methods, in combi-
nation with PGMs to measure a target by monitoring NADH.
[0255] Interchangeable strips that incorporate the steps of
the disclosed solution-based assays into lateral flow strips are
provided. As shown in FIG. 15, the lateral flow strip includes
a sample pad where the sample (e.g., blood) is applied.
Through lateral flow, the sample containing target (e.g., lac-
tate or 3HB) will move toward one or more reaction pads
where the reaction reagents (e.g., ATP, hexokinase, LOX,
LDH, and/or NADH) are immobilized. The presence of target
will trigger the enzymatic reactions that can generate or con-
sume NADH, which then will travel to an absorption pad
where it will be measured by the PGM.

Example 13

Detection of Pyruvate

[0256] This example describes results showing PGMs can
be used to measure pyruvate by monitoring NADH consump-
tion. Pyruvate is a key intermediate in cellular metabolic
pathways. It is the output of the metabolism of glucose (gly-
colysis).

[0257] To detect pyruvate, a homogeneous assay was
developed using a multi-enzymatic cascade reaction using
PGM. As shown in FIG. 16A, using lactate dehydrogenase
(LDH), the pyruvate in a sample can be converted to lactate in
the presence of NADH. At the same time, lactate oxidase
(LOx), catalyzes the conversion of lactate back to pyruvate.
These two reactions result in the continuously consumption
of NADH, which can be detected by a PGM. To minimize the
interference from blood glucose, hexokinase was employed
to convert glucose to glucose-6-phosphate (G6P), which is
PGM-inert.

[0258] Inatypicaltest, 2 uL of pyruvate sample in Buffer A
(200 mM HEPES buffer pH 7.5, 4 mM MgCl12, 50 mM KC1)
was added to 8 pLL of Reagent mixture (200 U/mL LDH, 50
mM NADH, and 50 U/mL LOx, 1:1:1) to initiate the enzy-
matic reaction (FIG. 16A). After 5 minutes, the solution was
tested by a PGM.

[0259] As shown in FIGS. 16B and 16C, in the presence of
LOx, pyruvate in the sample was detected at a range of 2.5 to
500 uM in 5 minutes, while in the absence of LOx, pyruvate
in the sample was detected at a range 0f 0.5 to 50 mM.

Example 14

Detection of Adenosine Diphosphate (ADP)

[0260] This example describes results showing PGMs can
be used to measure ADP by monitoring NADH consumption.
[0261] Adenosine diphosphate (ADP) plays a central role
as the product of many metabolic reactions. Detection of ADP
can therefore be used to monitor the progress of numerous
reactions including ATPases that produce ADP and Pi and
kinases that produce ADP and a phosphorylated product.
ADP can be detected by a PGM by taking advantage of the
coupled enzyme system of pyruvate kinase and lactate dehy-
drogenase.

[0262] In a typical test, 2 ul of ADP sample in Buffer A
(200 mM HEPES buffer pH 7.5, 4 mM MgCl12, 50 mM KCI)
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was added to 8 ul of Reagent mixture (50 mM PEP, 200
U/mL Pyruvate Kinase, 200 U/mL LDH, 50 mM NADH, and
50 U/mL LOx, 1:1:1:1:1) to initiate the enzymatic reaction
(FIG. 17A). After 10 minutes, the solution was tested by a
PGM.

[0263] As shown in FIG. 17A, the pyruvate kinase cata-
lyzes the transfer of a phosphate group from phospho-
enolpyruvate (PEP) to ADP, yielding one molecule of pyru-
vate and one molecule of ATP. With lactate dehydrogenase
(LDH), the resulting pyruvate can be converted to lactate in
the presence of NADH. At the same time, lactate oxidase
(LOx), catalyzes the conversion of lactate back to pyruvate.
These three reactions result in the continuously consumption
of NADH, which is detected by PGM.

[0264] It was observed that the PGM signal decreases with
the enzymatic reaction time in the presence of 1.7 pM ADP
(FIG. 17B), and a detection range of 0.2 to 100 uM was
observed with 10 minutes (FIG. 17C).

Example 15

Detection of Adenosine Triphosphate (ATP)

[0265] This example describes results showing PGMs can
be used to measure ATP by monitoring NADH consumption.
[0266] Adenosine triphosphate (ATP) is an important sub-
strate in living organisms. Being a major energy carrier of the
cell, itplays acritical role in the regulation of cellular metabo-
lism and biochemical pathways in cell physiology. It has also
been used as an indicator for cell viability and cell injury. In
addition, some diseases are related to ATP, such as angiocar-
diopathy. Therefore, the detection and quantification of ATP
is useful in biochemistry and clinical diagnosis. ATP conver-
sion to ADP is catalyzed by many different enzymes.

[0267] The disclosed methods were used to detect ATP
using PGM. In a typical test, 2 ul. of ATP sample in Buffer A
(200 mM HEPES buffer pH 7.5, 4 mM MgCl12, 50 mM KCl)
was added to 8 uL of Reagent mixture (50 mM Creatine, 2
kU/mL creatine kinase, 50 mM PEP, 200 U/mL Pyruvate
Kinase, 200 U/mL LDH, 50 mM NADH, and 50 U/mL LOx,
1:1:1:1:1:1:1) to initiate the enzymatic reaction (FIG. 18A).
After 10 minutes, the solution was tested by a PGM.

[0268] As shown in FIG. 18A, in the presence of creatine
kinase, ATP can be converted to ADP. At the same time, the
pyruvate kinase catalyzes the transfer of a phosphate group
from phosphoenolpyruvate (PEP) to ADP, yielding one mol-
ecule of pyruvate and one molecule of ATP. With lactate
dehydrogenase (LDH), the resulting pyruvate can be con-
verted to lactate in the presence of NADH. These three reac-
tions tesult in the continuous consumption of NADH, which
is detected by PGM.

[0269] As shown in FIG. 18B, the PGM signal decreased
with the enzymatic reaction time in the presence of 1.4 pM
ATP, showing a good performance of with the method for
ATP.

Example 16

Detection of Creatinine

[0270] This example describes results showing PGMs can
be used to measure creatinine by monitoring NADH con-
sumption.

[0271] Creatinine, a waste product of muscle catabolism, is
used to assess renal function, monitor the course of renal
disease, and adjust renal function dependent drug dosages.
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The disclosed methods can be used to detect creatinine by
coupling enzymatic reactions that connect creatinine concen-
tration with NADH, which can then be detected using PGM.
In some examples, normal levels of creatinine for an adult
male is about 0.6-1.2 mg/dLl, and for an adult female about
0.5-1.1 mg/dL, but it can vary with age.

[0272] As shown in FIG. 19A, in the presence of creatini-
nase, creatinine can be hydrolyzed to creatine; creatine kinase
catalyses the conversion of creatine and consumes adenosine
triphosphate (ATP) to create phosphocreatine (PCr) and
adenosine diphosphate (ADP). Subsequently, the pyruvate
kinase catalyzes the transfer of a phosphate group from phos-
phoenolpyruvate (PEP) to ADP, yielding one molecule of
pyruvate and one molecule of ATP. With lactate dehydroge-
nase (LDH), the resulting pyruvate can be converted to lactate
in the presence of NADH. At the same time, lactate oxidase
(LOx), catalyzes the conversion of lactate back to pyruvate.
By combining these five cascade enzymatic reactions with
the disclosed methods, NADH is continuously consumed,
which can be detected by PGM.

[0273] The disclosed methods were used to detect creati-
nine using PGM. In a typical test, 2 ulL of creatinine sample in
Buffer A (200 mM HEPES buffer pH 7.5, 4 mM MgCl2, 50
mM KCI) was added to 8 plL of Reagent mixture (1 KU/mL
Creatininase, 50 mM Creatine, 2 kU/mL creatine kinase, 50
mM ATP, 50 mM PEP, 200 U/mL Pyruvate Kinase, 200 U/mL
LDH, 50 mM NADH, and 50 U/mL LOx, 1:1:1:1:1:1:1) to
initiate the enzymatic reaction (FIG. 19A). After 10 minutes,
the solution was tested by a PGM.

[0274] As shown in FIG. 19B, the PGM signal decreased
with the enzymatic reaction time in the presence of creatinine,
showing a good performance of with the method for creati-
nine.
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[0307] Inview of the many possible embodiments to which

the principles of the disclosure may be applied, it should be
recognized that the illustrated embodiments are only
examples of the disclosure and should not be taken as limiting
the scope of the invention. Rather, the scope of the disclosure
is defined by the following claims. We therefore claim as our
invention all that comes within the scope and spirit of these
claims.

1. A method for detecting a target enzyme or target metabo-
lite that is part of an enzymatic reaction that consumes or
generates a coenzyme, comprising:

contacting a test sample with one or more starting products

needed for an enzymatic reaction that utilizes the target
enzyme or target metabolite and consumes or generates
the coenzyme;

allowing the enzymatic reaction to consume or generate the

coenzyme;
detecting the coenzyme with a personal glucose meter
(PGM); and

determining whether the target enzyme or target metabo-
lite is present in the test sample by correlating an amount
of the coenzyme detected.

2. The method of claim 1, wherein the coenzyme is:

nicotinamide adenine dinucleotide (NADH) and/or nicoti-

namide adenine dinucleotide phosphate (NADPH);
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reduced form of flavin adenine dinucleotide (FADH,); or

reduced form of flavin mononucleotide (FMNH,).

3. The method of claim 1, wherein the coenzyme is NADH
or NADPH and wherein:

the target enzyme comprises glucose-6-phosphate dehy-

drogenase (G6PD) and the one or more starting products
comprise G6P and NAD* or NADP*;

the target enzyme comprises pyruvate kinase (PK) and the

one or more starting products comprise phospho-
enolpyruvate (PEP), adenosine diphosphate (ADP),
NADH, lactate dehydrogenase (LDH), and optionally
lactate oxidase (LOX);

the target metabolite comprises citrate and the one or more

starting products comprise citrate lyase (CL), acetyl
coenzyme A, malate dehydrogenase (MDH), 2 NADH
and lactate dehydrogenase (LDH);
the target metabolite comprises ethanol and the one or
more starting products comprise alcohol dehydrogenase
(ADH) and NAD™,

the target metabolite comprises lactate and the one or more
starting products comprise lactate oxidase (LOx), LDH
and NADH;
the target metabolite comprises 3-f-hydroxybutyrate
(3HB) and the one or more starting products comprise
3-hydroxybutyrate dehydrogenase (HBDH), and
NAD™;

the target metabolite comprises pyruvate and the one or
more starting products comprise LDH, LOx, and
NADH; or

the target metabolite comprises creatinine and the one or
more starting products comprise creatininase, ATP, cre-
atine kinase, PK, PEP, LDH, LOx, and NADH.

4. The method of claim 1, wherein the coenzyme is FADH,
and wherein:

the target enzyme comprises FAD-dependent D-lactate

dehydrogenase and the one or more starting products
comprise FADH,;
the target enzyme comprises FAD-dependent sarcosine
oxidase and the one or more starting products comprise
FAD; or

the target metabolite comprises FAD-dependent D-proline
dehydrogenase and the one or more starting products
comprise FAD.

5. The method of claim 1, wherein the coenzyme is
FMNH, and wherein:

the target enzyme comprises FMN-dependent L-lactate

dehydrogenase and the one or more starting products
comprise FMNH,.

6. The method of claim 1, wherein the test sample is ablood
sample or fraction thereof or a urine sample.

7. The method of claim 1, wherein the test sample is a blood
sample or fraction thereof, and wherein the method further
comprises contacting the sample with hexokinase, MgCl,,
and ATP under conditions sufficient to remove glucose in the
test sample.

8. The method of claim 1, wherein the test sample is
obtained from a subject, and the method further comprises
determining that the subject has a disease based on the target
enzyme or target metabolite detected.

9. The method of claim 1, wherein the coenzyme is NADH
or NADPH and:

the target enzyme comprises glucose-6-phosphate dehy-

drogenase (G6PD) and the disease comprises G6PD
deficiency, wherein the subject is determined to have
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G6PD deficiency when an decrease in NADH or
NADPH relative to a normal control is detected;

the target enzyme comprises pyruvate kinase (PK) and the
disease comprises PK deficiency, wherein the subject is
determined to have PK deficiency when an increase in
NADH or NADPH relative to a normal control is
detected;

the target metabolite comprises citrate and the disease
comprises prostate cancer or kidney stones, wherein the
subject is determined to have prostate cancer or kidney
stones or increase risk of developing kidney stone when
a decrease in NADH or NADPH relative to a normal
control is detected,

the target metabolite comprises lactate and the disease
comprises lactic acidosis, wherein the subject is deter-
mined to have lactic acidosis when a decrease in NADH
or NADPH relative to a normal control is detected;

the target metabolite comprises ethanol and the disease
comprises ethanol poisoning, wherein the subject is
determined to have ethanol poisoning when an increase
in NADH or NADPH relative to a normal control is
detected;

the target metabolite comprises 3-f-hydroxybutyrate
(3HB) and the disease comprises ketoacidosis, wherein
the subject is determined to have ketoacidosis when an
increase in NADH or NADPH relative to a normal con-
trol is detected;

the target metabolite comprises pyruvate and the disease
comprises pyruvate kinase deficiency (PKD), wherein
the subject is determined to have PKD when a decrease
in NADH or NADPH relative to a normal control is
detected; or

the target metabolite comprises creatinine and the disease
comprises renal disease, wherein the subject is deter-
mined to have renal disease when a decrease in NADH
or NADPH relative to a normal control is detected.

10. The method of claim 1, wherein the coenzyme is
FADH, and:

the target enzyme comprises FAD-dependent D-lactate
dehydrogenase and the disease comprises FADH,,
wherein the subject is determined to have D-lactate tox-
icity when a decrease in FADH, relative to a normal
control is detected,

the target enzyme comprises FAD-dependent sarcosine
oxidase and the disease comprises FAD, wherein the
subject is determined to have sarcosinemia when an
increase in FADH, relative to a normal control is
detected; or

the target metabolite comprises FAD-dependent D-proline
dehydrogenase and the disease comprises FAD, wherein
the subject is determined to have hyperprolinemia when
an increase in FADH, relative to a normal control is
detected,
11. The method of claim 1, wherein the coenzyme is
FMNH, and:
the target enzyme comprises FMN-dependent L-lactate
dehydrogenase and the disease comprises FMNH,,
wherein the subject is determined to have increased lev-
els of L-lactate when a decrease in FMNH, relative to a
normal control is detected.
12. The method of claim 1, wherein the method further
comprises detecting the target enzyme or target metabolite in
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anormal control sample, and comparing the target enzyme or
target metabolite in the test sample and the normal control
sample.

13. The method of claim 1, wherein the method further
comprises comparing a detected value for the coenzyme to a
reference value or range of values for the target enzyme or
metabolite expected in a normal subject, to determine
whether the target enzyme or metabolite in the sample is
increased or decreased relative to a normal subject.

14. The method of claim 1, wherein the PGM uses a test
strip comprising glucose oxidase or glucose dehydrogenase.

15. A sensor, comprising:

a solid support to which is attached:

one or more starting products needed for an enzymatic
reaction that utilizes a target enzyme or target metabo-
lite and consumes or generates a coenzyme, wherein
the one or more starting products comprise one or
more enzymes and one or more of ATP, ADP, MgCl,,
NAD*, and NADP*;
optionally a sample pad that transports the one or more
starting products and a sample to reagent pad to ini-
tiate the enzymatic reactions; and
optionally an absorption pad that transports a cofactor to
PGM for detection
16. The sensor of claim 15, wherein:
the target enzyme comprises glucose-6-phosphate dehy-
drogenase (G6PD) and the one or more starting products
comprise G6P and NAD+ or NADP+;
the target enzyme comprises pyruvate kinase (PK) and the
one or more starting products comprise phospho-
enolpyruvate (PEP), adenosine diphosphate (ADP),
NADH and lactate dehydrogenase (LDH);

the target metabolite comprises citrate and the one or more
starting products comprise citrate lyase (CL), acetyl
coenzyme A, malate dehydrogenase (MDH), NADH
and lactate dehydrogenase (LDH);
the target metabolite comprises ethanol and the one or
more starting products comprise alcohol dehydrogenase
(ADH) and NAD™,

the target metabolite comprises lactate and the one or more
starting products comprise lactate oxidase (LOx), LDH
and NADH;

the target metabolite comprises lactate and the one or more

starting products comprise lactate oxidase (LOx), LDH
and NADH;
the target metabolite comprises 3-f-hydroxybutyrate
(3HB) and the one or more starting products comprise
3-hydroxybutyrate dehydrogenase (HBDH), and
NADT;

the target metabolite comprises pyruvate and the one or
more starting products comprise LDH, LOx, and
NADH; or

the target metabolite comprises creatinine and the one or
more starting products comprise creatininase, ATP, cre-
atine kinase, PK, PEP, LDH, LOx, and NADH;

the target enzyme comprises FAD-dependent D-lactate

dehydrogenase and the one or more starting products
comprise FADH,:
the target enzyme comprises FAD-dependent sarcosine
oxidase and the one or more starting products comprise
FAD; or

the target metabolite comprises FAD-dependent D-proline
dehydrogenase and the one or more starting products
comprise FAD; or
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the target enzyme comprises FMN-dependent L-lactate
dehydrogenase and the one or more starting products
comprise FMNH,.

17. The sensor of claim 15, wherein the solid support
comprises a membrane, a chamber of a fluidic device, or a
bead.

18. A lateral flow device, a microfluidic device, or a mac-
rofluidic device comprising:

the sensor of claim 15.

19. A microfluidic device comprising:

a sample entry port;

one or more mixing chambers containing one or more

starting products needed for an enzymatic reaction that
utilizes a target enzyme or target metabolite and con-
sumes or generates a coenzyme;

optionally a filter; and

an exit port.

20. A kit comprising:

one or more sensors of claim 15; and

one or more of a buffer, a chart for correlating detected

coenzyme level and amount of target enzyme or target
metabolite present.
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21. A method for detecting a target enzyme or target

metabolite, comprising:

contacting one or more sensors of claim 15, with a test
sample under conditions sufficient to allow the target
enzyme or target metabolite in the test sample to interact
with the one or more starting products, under conditions
wherein a coenzyme will be generated or consumed;

detecting the coenzyme with a PGM; and

correlating the amount oftarget agent presentin the sample
to the amount of coenzyme detected.

22. A method for detecting a target agent, comprising:

introducing a test sample into the sample entry port of the
microfluidic device of claim 19;

allowing a target in the test sample to interact with the
holing chamber containing the one or more starting
products;

allowing the coenzyme to be generated or consumed in one
of the one or more mixing chambers;

detecting the coenzyme with a PGM; and

correlating the amount oftarget agent present in the sample
to the amount of coenzyme detected.
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