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(57) ABSTRACT

A glucose sensor suitable for measuring glucose levels in
human saliva is provided. Systems containing the glucose
sensor and methods for making and using the sensor are also
provided. The glucose sensor is highly sensitive and can
detect glucose levels at least down to 5 ppm. Fabrication of
the sensor involves depositing single-walled carbon nano-
tubes onto the surface of a working electrode in a 3 electrode
electrochemical detector and functionalizing the nanotubes
by depositing layers of polymers, metallic nanoparticles, and
glucose oxidase enzyme onto the nanotubes. The sensor can
be used as a disposable, single-use device or as part of an
analytical system, such as a microfluidics system, for the
analysis of multiple analytes. The sensor enables the diagno-
sis and monitoring of diabetes to be performed without pain
or the need for finger pricks in a home or clinical setting.
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SALIVA GLUCOSE MONITORING SYSTEM

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the priority of U.S. Provi-
sional Application No. 61/751,451 filed 11 Jan. 2013 and
entitled “Saliva Glucose Monitoring System”; and U.S. Pro-
visional Application No. 61/860,519 filed 31 Jul. 2013 and
entitled “Saliva Glucose Monitoring System”. Both of said
provisional applications are hereby incorporated by reference
in their entireties.

BACKGROUND

[0002] A statistical analysis by the World Health Organiza-
tion (WHO) indicates that more than 220 million people have
to live with diabetes (1). Diabetes caused over 1.1 million
deaths in 2005, and 4 million in 2011. Estimates show that4.8
million people died in 2012 from complications of the dis-
ease, with people under 60 accounting for half the deaths
(www.cbsnews.com/8301-204_162-57549731/371-mil-
lion-people-have-diabetes-globally-about-half-undiag-
nosed/). Early diagnosis, on time treatment, and continuous
management are vital to ensure patients’ quality of life and to
avoid circulatory problems and diseases caused by diabetes,
such as kidney failure, heart disease and blindness (1-2).
Current practice for diabetes management relies on monitor-
ing blood glucose. There is a general dislike of the pain and
inconvenience caused by finger pricking, leading to fewer
tests and inadequate blood glucose control, which in turn
results in more complications from the disease and signifi-
cantly increased case management costs. Repeated painful
finger sticks are a major problem for young children, and has
similar negative consequences on disease management. Fur-
thermore, finger pricking also can cause fainting and blood-
borne infection (3-5).

[0003] Glucose sensing dates back to 1841 with glucose
detection in urine, but the correlation between urine and
plasma glucose has been shown to be inconsistent (6). There
are currently many different glucose meters on the market for
measuring blood glucose. However, to use these devices,
patients have to prick their finger for a drop of blood multiple
times a day. Other techniques have been developed which
employ minimally invasive or noninvasive techniques for
blood glucose monitoring, including infrared (IR) spectros-
copy (7-9), fluorescence spectroscopy (10-11), Raman spec-
troscopy (12-13), optical polarization rotation measurement
(14-17), photo-acoustic probes (18), and surface plasmon
resonance (19-20). Results from these techniques are limited
by spectral signal-to-noise levels and sample thickness, and
have to be correlated with direct blood glucose measure-
ments. While methods based on optical measurements are
available (see, e.g., the OrSense NBM device described at
www.orsense.com/files/files/Journal of Diabetes Science and
Technology.pdf), most are for laboratory use only and are not
suitable for routine glucose monitoring at home due to the
size, cost, and complexity of operation of the required equip-
ment. One instrument based on the detection of glucose in
human sweat has been marketed for diabetes diagnosis. How-
ever, the difficulty of use due to the sweat collection process
and the level of accuracy have resulted in its removal from the
market. Another product detects blood glucose concentration
via an optical method called “occlusion spectroscopy” (21).
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However, for reasons of cost and simplicity of operation there
remains a need for a convenient, easy to use, and low cost
glucose sensor.

[0004] Many studies have demonstrated that there is a cor-
relation between blood glucose and saliva glucose levels (22-
26). The application of saliva glucose measurements directly
to indicate the health conditions of an individual is theoreti-
cally possible and appears realistic. Itis reported that salivary
glucose levels are significantly higher in diabetic patients
than in people without diabetes under similar conditions (27-
29). Thus, measurement of saliva glucose level can be utilized
as an alternative diagnostic method for diabetics and as a
health indicator of a subject who is normal or suspected of
having diabetes. There are reported measurements of glucose
in saliva using optical measuring systems such as a liquid
chromatography-mass spectrometer (LC-MS) or a UV-vis-
ible spectrophotometer (22, 24-26). However, the cost of the
instruments is very high and their operation is complicated
and time consuming, making them unsuitable for everyday
personal use. Therefore, these methods cannot be used for
individual glucose monitoring at home or in the course of
daily activities. Until now, there has not been a suitable tech-
nology for home measurement of glucose using saliva
because there wasn’t an easy to use, low-cost sensor system
sensitive enough to detect the low levels of glucose present in
saliva.

SUMMARY OF THE INVENTION

[0005] The present invention provides a highly sensitive
glucose sensor adapted for detection of glucose in saliva
samples using an electrochemical method. The saliva glucose
sensor is suitable for use in diagnosing diabetes and monitor-
ing glucose levels in diabetic patients or any mammalian
subjects using only a small amount of unmodified saliva, and
with results obtained in seconds. The sensor is provided in
both reusable and single use embodiments, and can also be
integrated into a fluidic system for processing of the sample,
measurement of glucose and/or other analytes, and the results
can be analyzed within the device and/or transmitted to
remote analysis, monitoring, or data storage facility.

[0006] One aspect of the invention is a glucose sensor for
determining a concentration of glucose in a liquid sample.
The sensor includes an insulating or semiconducting sub-
strate, at least one working electrode, a counter electrode, and
a reference electrode, as well as a sample placement area on
the surface of the substrate for containing the liquid sample
during a determination of the glucose concentration in the
liquid sample. Each of the working electrode(s), counter elec-
trode, and reference electrode includes a conductive metal
layer deposited on the substrate in the sample placement area.
The working electrode is optionally coated in the sample
placement area with a plurality of sensor elements. The sen-
sor elements (or the working electrode in the sample place-
ment area, if no sensor elements are present) are functional-
ized with a coating containing glucose oxidase. The working
electrode, counter electrode, and reference electrode are each
connected to an amperometry circuit, whose output voltage
provides a measure of the glucose concentration in the liquid
sample deposited in the sample placement area. The output
signal of the detection circuit is correlated to the glucose
concentration in the liquid sample by a function. For example
the output signal can be proportional to the glucose concen-
tration, or related by some other function which can be deter-
mined using a set of liquid samples having calibrated glucose
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concentrations. Preferably, the sensor, or batch of sensors, is
calibrated by determining a calibration curve using a range of
different glucose concentrations.

[0007] Inembodiments of the glucose sensor, the substrate
includes a material selected from the group consisting of
silicon, glass, ceramic, a non-conductive polymer, and com-
binations thereof.

[0008] In embodiments of the glucose sensor, the working
electrode includes one or more materials selected from the
group consisting of gold, platinum, iridium, silver, silver/
silver chloride, and combinations thereof.

[0009] In embodiments of the glucose sensor, the sensor
elements (if present) include or consist of a material selected
from the group consisting of single-walled carbon nanotubes
(SWNT), graphite, graphene, carbon nanofibers, carbon
nanowires, and combinations thereof.

[0010] In embodiments of the glucose sensor, the sensor
element functionalization coating includes one or more lay-
ers, and each layer includes a sublayer of chitosan, a sublayer
of gold nanoparticles disposed on the sublayer of chitosan,
and a sublayer of glucose oxidase disposed on the sublayer of
gold nanoparticles.

[0011] In embodiments of the glucose sensor, the sensor
further includes a layer containing a polycationic polymer;
this layer is deposited on the surface of the working electrode
and beneath the sensor elements. In different embodiments,
the polycationic polymer is selected from the group consist-
ing of polyallylamine, poly(L-lysine), polyethyleneimine,
polyamidoamine dendrimers, and combinations thereof.
[0012] In embodiments of the glucose sensor, the sensor
element functionalization coating comprises one or more
materials selected from the group consisting of carbon nano-
tubes, graphite, gold nanoparticles, platinum nanoparticles,
serum albumin, chitosan, and Prussian Blue.

[0013] In certain embodiments of the glucose sensor, the
sensor includes a sensor element protective membrane which
covers the electrodes to protect the functionalization coating
and limit exposure of the coating to contamination from the
liquid sample. The membrane may include or consist of
Nafion or a lipid bilayer membrane, or another type of semi-
permeable membrane.

[0014] In certain embodiments, the glucose sensor is a
component of a microfluidics device, which device includes
one or more channels that deliver a liquid sample to the
sample placement area of the sensor.

[0015] Inembodiments of the glucose sensor, the sensor is
capable of detecting glucose at concentrations down to 5 ppm
(0.5 mg/dL) or lower. Embodiments of the sensor can be
configured for determination of glucose concentration in
saliva, and also can be configured as either a disposable
device or as a reusable device. Certain embodiments of the
glucose sensor contain one or more working electrodes hav-
ing functionalized sensor elements capable of detecting an
analyte that is not glucose; such embodiments can be used for
multiplex analysis of one or more other analytes which are not
glucose.

[0016] Another aspectofthe invention is a glucose analysis
system. The system includes the above-described glucose
sensor and a signal conditioning and/or analysis device that
processes an electrical signal from the sensor. The analysis
system may also include a transmitter device for sending a
radio signal to a remote receiver and/or to a data processing
device. The radio signal carries information related to a glu-
cose concentration in the liquid sample; the information is
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obtained from the signal conditioning and/or analysis device.
The analysis system may also include a memory device for
accumulating data related to the glucose concentration in the
liquid sample; the data can be obtained at different times or
from different liquid samples. The analysis system may also
include a device for chemically or physically processing a
liquid sample and delivering the processed sample to the
sample placement area of the device.

[0017] Yet another aspect of the invention is a method of
determining a glucose concentration in a liquid sample. The
method includes the steps of: (a) providing the glucose sensor
described above, or the glucose analysis system described
above; (b) introducing a liquid sample into the sample place-
ment area of the sensor; and (c¢) determining the glucose
concentration in the liquid sample from an electrical output of
the sensor. In certain embodiments of the method, the follow-
ing additional steps are performed: (d) removing the liquid
sample introduced in step (b); (e) introducing a new liquid
sample into the sample placement area of the sensor; and (f)
determining a new glucose concentration in the new liquid
sample from an electrical output of the sensor. In embodi-
ments of the method, the liquid sample is from a subject who
has diabetes or is suspected of having diabetes. In certain
embodiments of the method, the liquid sample is from a
subject who is tested as part of a health screening process. In
embodiments of the method, the liquid sample is a saliva
sample, such as a human saliva sample.

[0018] Still another aspect of the invention is a method of
fabricating a glucose sensor. The method includes the steps
of: (a) fabricating a working electrode, a reference electrode,
and a counter electrode on the surface of an insulating sub-
strate, wherein each of said electrodes contacts a sample
placement area on the substrate; (b) optionally depositing a
layer of a polycationic polymer onto the working electrode;
(c) optionally depositing a plurality of sensor elements onto
the polycationic polymer layer or onto the working electrode;
and (d) depositing a plurality of functionalization layers onto
the sensor elements or onto the working electrode, the func-
tionalization layers including sublayers of chitosan, gold
nanoparticles, and glucose oxidase. In certain embodiments,
the method further includes the step of: (e) depositing a sensor
element protective membrane over the functionalization lay-
ers of the sensor elements. The protective membrane can
include or consist of Nafion or a lipid bilayer.

[0019] In embodiments of the method, the substrate
includes a material selected from the group consisting of
silicon, glass, ceramic, a non-conductive polymer, and com-
binations thereof. In embodiments of the method, the work-
ing electrode contains one or more materials selected from
the group consisting of gold, platinum, iridium, silver, silver/
silver chloride, and combinations thereof. In embodiments of
the method, the sensor elements comprise a material selected
from the group consisting of single-walled carbon nanotubes
(SWNT), graphite, graphene, carbon nanofibers, carbon
nanowires, and combinations thereof. In embodiments of the
method, the polycationic polymer (if present) is selected from
the group consisting of polyallylamine, poly(L-lysine), poly-
ethyleneimine, polyamidoamine dendrimers, and combina-
tions thereof. In embodiments of the method, one or more of
the functionalization layers contain a material selected from
the group consisting of carbon nanotubes, graphite, gold
nanoparticles, platinum nanoparticles, serum albumin, chito-
san, and Prussian Blue. In embodiments of the method, the
sensor elements are deposited on the working electrode by a
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self-assembly process comprising depositing a liquid suspen-
sion of sensor elements onto the layer of polycationic poly-
mer. In embodiments of the method, the method includes
depositing two or more working electrodes onto the substrate,
each having differently functionalized sensor elements. In
certain embodiments. the differently functionalized sensor
elements can detect different analytes. In embodiments of the
method, one or more of the electrodes is deposited such that
it is not coplanar with the other electrodes. Each electrode can
be deposited at a different layer or different level than the
others with respect to the substrate surface, i.e., at, below, or
above the plane of the substrate surface.

[0020] Another aspect of the invention is a glucose sensor
array including a plurality of the above-described glucose
sensors sharing a common substrate.

[0021] Yet another aspect of the invention is a glucose
sensing functionalization coating. The coating can be applied
to an electrode of an electrochemical cell to render the elec-
trode selective for detecting glucose in a solution. The coating
includes one or more layers, each layer containing a sublayer
of chitosan, a sublayer of gold nanoparticles disposed on the
sublayer of chitosan, and a sublayer of glucose oxidase dis-
posed on the sublayer of chitosan. In embodiments, the glu-
cose sensing functionalization coating further includes one or
more materials selected from the group consisting of carbon
nanotubes, graphite, gold nanoparticles, platinum nanopar-
ticles, serum albumin, chitosan, and Prussian Blue. In
embodiments of the glucose sensing functionalization coat-
ing, a lowermost layer of the coating further includes a sub-
layer of sensing elements beneath the sublayer of chitosan. In
embodiments, the sensor elements include or consist of a
material selected from the group consisting of single-walled
carbon nanotubes (SWNT), graphite, graphene, carbon
nanofibers, carbon nanowires, and combinations thereof. In
embodiments, the coating further includes a layer of a cat-
ionic polymer beneath the sensing elements. The polycationic
polymer can be selected from the group consisting of polyal-
lylamine, poly(L-lysine), polyethyleneimine, polyamidoam-
ine dendrimers, and combinations thereof.

[0022] Still another aspect of the invention is a glucose-
sensing electrode containing a metallic or conductive mate-
rial coated with the above-described glucose sensing func-
tionalization coating.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] FIG. 1A shows a photograph of the sample applica-
tion area of an embodiment of a saliva glucose sensor accord-
ing to the invention. The rectangle indicates the sample area
where a drop of saliva is deposited. The sample area includes
three electrodes on the lower surface, each of which contacts
the drop of saliva, and each connected to a lead providing
signal to the signal conditioning electronic module shown in
FIG. 1B. The conditioned signal is then passed to the micro-
controller module shown in FIG. 1C, which can perform
calculations, analyze the data, and store the data or transmit it
to an external receiver (not shown).

[0024] FIG.2A is a schematic representation of an embodi-
ment of the electrode portion 20 of a saliva glucose sensor of
the invention. Working electrode 30, reference electrode 32,
and counter electrode 34 are arranged in parallel, each
extending into sample area 22 where saliva is deposited and
contacts each of the three electrodes. The working electrode
extends into the sample area where it forms sample contact
pad 26. A portion 24 of the working electrode, including the
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sample contact pad, is coated with a glucose detection coating
according to the invention. FIG. 2B shows a photograph of an
actual sensor constructed according to the layout shown in
FIG. 2A.

[0025] FIG. 3A shows a schematic representation of an
embodiment of a process for functionalizing SWNT for glu-
cose detection. Functionalization is accomplished by apply-
ing a coating using the bonding mechanism shown. FIG. 3B
shows a cross-section of the saliva glucose sensor as fabri-
cated according to FIG. 3A. The layers of the sensor are
indicated as follows: 10—insulating or semiconducting sub-
strate (e.g., silicon or ceramic material); 11—conductive
metal layer (e.g., platinum); 12—PAA layer; 13—SWNT
layer; 14——chitosan layer (CS); 15—gold nanoparticle layer
(GNp); and 16—glucose oxidase layer (GOXx).

[0026] FIG. 3C shows a schematic representation of an
embodiment of a process for functionalizing SWNT for glu-
cose detection. Functionalization is accomplished by apply-
ing a coating using the bonding mechanism shown, in which
the substrate has a positively charged surface to which SWNT
are bonded. FIG. 3D shows a cross-section of the saliva
glucose sensor as fabricated according to FIG. 3C. The layers
of'the sensor are indicated as follows: 10—insulating or semi-
conducting substrate (e.g., silicon or ceramic material);
11—conductive metal layer (e.g., platinum); 13—SWNT
layer; 14——chitosan layer (CS); 15—gold nanoparticle layer
(GNp); and 16—glucose oxidase layer (GOXx).

[0027] FIG. 3E shows a schematic representation of an
embodiment of a process for functionalizing SWNT for glu-
cose detection. Functionalization is accomplished by apply-
ing a coating using the bonding mechanism shown, in which
the surface of the substrate has a rough texture to which
SWNT are bonded. FIG. 3F shows a cross-section of the
saliva glucose sensor as fabricated according to FIG. 3E. The
layers of the sensor are indicated as follows: 10—insulating
or semiconducting substrate (e.g., silicon or ceramic mate-
rial); 11—conductive metal layer (e.g., platinum);
13—SWNT layer; 14—chitosan layer (CS); 15—gold nano-
particle layer (GNp); and 16—glucose oxidase layer (GOXx).
[0028] FIG. 3G shows a schematic representation of an
embodiment of a process for functionalizing an electrode
surface absent SWNT for glucose detection. Functionaliza-
tion is accomplished by applying a coating using the bonding
mechanism shown, wherein the coating does not include sen-
sor elements (SWNT), and a coating containing chitosan,
gold nanoparticles, and glucose oxidase is applied directly to
the substrate. FIG. 3H shows a cross-section of the saliva
glucose sensor as fabricated according to FIG. 3G. The layers
of'the sensor are indicated as follows: 10—insulating or semi-
conducting substrate (e.g., silicon or ceramic material);
11—conductive metal layer (e.g., platinum); 14—chitosan
layer (CS); 15—gold nanoparticle layer (GNp); and 16—glu-
cose oxidase layer (GOx).

[0029] FIG. 4 shows a diagrammatic representation of a
microfiuidics embodiment of a glucose sensor of the inven-
tion.

[0030] FIG. 5A shows glucose level monitoring using
E-beam deposited saliva glucose sensors. FIG. 5B shows
glucose level monitoring using a Freestyle blood glucose
meter. Values are shown for Subject A before and after intake
of a glucose tolerance beverage at the indicated time.

[0031] FIG. 6A shows glucose level monitoring using
screen printed saliva glucose sensors. FIG. 6B shows glucose
level monitoring using a Freestyle blood glucose meter. Val-
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ues are shown for Subject B before and after intake of a
glucose tolerance beverage at the indicated time.

[0032] FIG. 7A shows glucose level monitoring using
screen printed saliva glucose sensors. FIG. 7B shows glucose
level monitoring using a Freestyle blood glucose meter. Val-
ues are shown for Subject C before and after intake of a
glucose tolerance beverage at the indicated time.

[0033] FIG. 8A shows glucose level monitoring using
screen printed saliva glucose sensors. FIG. 8B shows glucose
level monitoring using a Freestyle blood glucose meter. Val-
ues are shown for Subject D before and after intake of a
glucose tolerance beverage at the indicated time.

DETAILED DESCRIPTION OF THE INVENTION

[0034] The present invention provides a painless test meth-
odology using a highly sensitive glucose sensor and associ-
ated electrochemical system adapted for detection of glucose
in saliva samples. The saliva glucose sensor of the invention is
suitable for use in screening for and diagnosing diabetes, as
well as to monitor glucose control by individual diabetic
patients or test subjects, in any setting (including at home or
in a clinic) and using only a small amount of unmodified
human saliva, with results obtained in seconds.

[0035] The present invention measures saliva glucose level
in real time through the use of the glucose sensor described
herein. An object of the invention is to measure small amounts
of glucose in saliva. The invention can replace current blood
glucose monitors in many applications because it is noninva-
sive and can be used easily and without pain, apprehension, or
anxiety. It is sensitive to physiological changes of saliva glu-
cose which parallel changes in blood glucose, and therefore is
effective and useful for real time tracking of glucose levels
using saliva at any time, including at regular intervals or times
prescribed by a physician, while at home, at work, or on
travel.

[0036] The saliva glucose sensor of the present invention
can be used as part of a real-time noninvasive saliva glucose
monitoring system. The system contains a saliva sampling
mechanism, an enzyme-based electrode biosensor, a glucose
meter, signal processing components, and a display for out-
putting the results. The saliva sampling mechanism option-
ally can include a collector for collecting saliva from the oral
cavity as well as saliva filtration and/or saliva pretreatment
modules, which may enhance reliability of sampling and
accuracy of results. The biosensor is an electrochemical sys-
tem which can include a three- or four-electrode cell on a
single chip. Multiple identical or non-identical sensors can be
included on a single chip or substrate, so that assays can be
carried out with enhanced reliability and/or in multiplex for-
mat.

[0037] One embodiment includes single-walled carbon
nanotubes (SWNT) applied as a coating to the working elec-
trode. The SWNT can be, for example, a mixture of metallic
and semiconducting SWNT. The SWNT provide an
extremely large surface-to-volume ratio and have useful elec-
trical properties. A sensor according to the present invention
operates by an electrochemical mechanism, whereby the
presence of a particular analyte causes electron transfer in the
electrochemical system, which can be identified and quanti-
fied by measuring a current through the sensor, which can be
converted via amperometry to an output voltage. This feature
of the present sensor renders it more accurate and reliable
than other types of sensors that produce a change in electrical
resistance of SWNT in the presence of an analyte.
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[0038] The electrode material can contain or consist of, for
example and without limitation, gold, platinum, iridium, sil-
ver, silver/silver chloride, copper, aluminum, chromium, or
other conductive metals or other conductive materials, or any
combination thereof. In one embodiment, the SWNT are
functionalized by a coating that includes an enzyme that
catalyzes an electron transfer reaction and is specific for the
selected analyte, such as glucose. Preferably the reaction is an
oxidation reaction. For example, for the detection of glucose
as the analyte, the enzyme glucose oxidase (GOx, EC1.1.3.4)
can be used, which specifically catalyzes the oxidation of
p-D-glucose to hydrogen peroxide and D-glucono-d-lactone,
which then hydrolyzes to gluconic acid. The enzyme can be a
naturally occurring glucose oxidase enzyme which is isolated
from a natural source (e.g. cells of Aspergillus niger), orit can
be produced recombinantly in transformed or transfected host
cells, such as bacterial cells, yeast or fungal cells, or mam-
malian cells. It can be glycosylated or non-glycosylated. The
glucose oxidase enzyme used in the sensor can have a natu-
rally occurring amino acid sequence, or it can have a mutant
or engineered amino acid sequence. Different enzyme-func-
tionalized SWNT can be combined in a multiplex sensor that
takes advantage of the different sensitivities of each enzyme
and their different resistance to inhibition induced by poten-
tially interfering substances that might be encountered in a
saliva sample.

[0039] The sensor detects levels of glucose in saliva or
another fluid by keeping track of the electrons passed through
the glucose oxidase enzyme coated on the working electrode
and measuring the resulting current, which is detected by an
amperometry detection circuit and expressed as a change in
output voltage. The sensing performance can be further
improved by moditying the enzyme-coated electrode with
various materials, including biomolecular or porous films or
membranes. Such materials include, but are not limited to,
carbon nanotubes, graphite, nanowires, gold nanoparticles
(GNp), Pt nanoparticles, chitosan, bovine serum albumin
(BSA), and Prussian Blue or other materials with similar
properties. In one embodiment, the sensor of the present
invention detects glucose via an electrical signal resulting
from the glucose oxidase reaction performed on functional-
ized SWNT connected to a detection circuit. It does not
require any additional chemical reactions (e.g. peroxidase
reaction) or optical detection means to detect the reaction
products.

[0040] One embodiment of the sensor is shown in FIG. 1.
The signal conditioner and microcontroller can be substituted
by any existing device for electrochemical analysis, and can
be configured for stationary use (i.e., as a fully contained or
standalone unit) or for remote use (i.e., containing a transmit-
ter for wireless communication with a separate data analysis
system), as well as for continuous monitoring using a microf-
luidic system. The core of the system is the sensor containing
SWNT that have been functionalized with glucose oxidase
enzyme.

[0041] The sensor typically contains three electrodes: a
working electrode, a counter electrode, and a reference elec-
trode. Glucose oxidase is attached to a component of the
working electrode. Solution containing glucose is dropped
onto the sensor where it touches all three electrodes. The
amount of glucose present is measured via an amperometric
method. The geometry of the electrodes and proportion of
areas among them preferably is optimized to yield the best
results for the volume of saliva used for the test. An example
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is shown in FIG. 2. The saliva volume can be in the range from
a few nanoliters to several milliliters or more.

[0042] Inorder to functionalize the nanosensor for glucose
detection in saliva, the working electrode can be coated with
a multilayered structure containing glucose oxidase (GOx).
The procedure of coating GOx onto the working electrode
involves a layer-by-layer assembly to form a multilayer film.
In one embodiment, each layer contains sublayers of chito-
san, gold nanoparticles, and glucose oxidase. Such coating
materials provide the best results in terms of accuracy, repeat-
ability, and durability. Polyallylamine (PAA) or another cat-
ionic polymer can be used to modify the electrode surface
prior to coating with SWNT. PAA provides amino groups,
which are highly positively charged and can be adsorbed on
the surface of a working electrode, such as a Pt electrode.
SWNT can be deposited on the substrate surface, or more
preferably on the surface of the PAA layer, by adding an
aqueous suspension of SWNT and allowing the SWNT to
adhere to the surface. The combination of functionalized
SWNT and a layer-by-layer coating process greatly increases
the detection accuracy and sensitivity, allowing the detection
of'low levels of glucose in saliva in clinically relevant ranges
with a response time of down to 10-20 seconds or less. The
sensor geometry and the number of layers can be optimized to
improve accuracy and sensitivity. The sensing principal is the
same, regardless of the sensor geometry and the number of
coating layers used.

[0043] Anexample of a layer-by-layer assembly process of
making a multilayer film to coat the working electrode is
shown in FIGS. 3A and 3B. In this example each layer of the
multilayer film is composed of sublayers of chitosan, gold
nanoparticles, and glucose oxidase. One of the—COOH ends
ofthe SWNT reacts with PAA on the electrode surface, form-
ing a CO-NH bond, while the —COOH at the other end of the
SWNT provides a negatively charged group that interacts
with chitosan (CS) through an electrostatic attraction effect.
Gold nanoparticles (GNp) are allowed to associate with CS
and glucose oxidase through van der Waals forces. Such
self-assembled combinations have been studied in other sys-
tems (42-43). The CS-GNp-GOx unit layer can be repeated
several times to form a multilayered coating. The number of
layers can be adjusted to achieve the best sensing perfor-
mance. For example, the CS-GNp-GOx unit layer can
repeated to form from 2 to 10 layers, or from 2 to 5 layers, or
from 3 to 5 layers, or from 3 to 6 layers, or from 4 to 6 layers,
or from 4 to 7 layers, or from 5 to 8 layers. A single layer of
CS-GNp-GOx also can be used.

[0044] Other materials can be used to form the multilayer
film and to coat the electrode surface. For example, PAA can
be substituted with one or more other polycationic polymers,
such as poly(L-lysine) (PLL), polyethyleneimine (PEI) and
polyamidoamine dendrimers. SWNT can be substituted with
graphite or carbon nanofibers and/or nanowires. GNp used
anywhere in the invention can be substituted with nanopar-
ticles of Pt, Ru, Sn, Fe O, or other metal or semiconductor
nanoparticles. Chitosan can also be substituted with a layer of
bovine serum albumin (BSA) or Prussian Blue, for example.
The layer-by-layer assembly sequence can also be rearranged
oraltered using similar materials in a different arrangement or
order as long as the type of bonds or van der Waals interac-
tions as described above are satisfied. After the electrode is
functionalized with glucose oxidase, a semi-permeable mem-
brane, such as Nafion or a lipid bilayer membrane can be
added to act as a filtration layer for filtering the liquid sample
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and also as a protection layer for glucose oxidase, so as to
reduce its degradation. Preliminary results have indicated
such added layers have no adverse eftect that would slow the
sensor response or reduce the sensitivity of detection of the
low levels of glucose in saliva. The combination of appropri-
ately functionalized SWNT and a layer-by-layer coating pro-
cess greatly increases the accuracy of detection of the amount
of glucose in saliva in clinically relevant ranges with a
response time of 10-20 seconds or less. The capability of
measuring such low concentrations of glucose and their cor-
relation with blood glucose enables the sensor to not only
detect hyperglycemia but also to detect hypoglycemia, which
is very important in the monitoring and management of dia-
betes.

[0045] Another example of the assembly process of making
a multilayer film to coat the working electrode is shown in
FIGS. 3C and 3D. In this process, SWNT are directly depos-
ited on the metal surface of the working electrode and attach
to the surface of the electrode through non-covalent interac-
tions. The electrode surface is not coated with PAA in this
embodiment. In a variation of this method, the electrode
surface is directly coated with chitosan, and is not coated with
SWNT prior to the deposition of chitosan. In this process
(regardless of whether SWNT are included or not), each layer
of the multilayer film is again composed of sublayers of
chitosan, gold nanoparticles, and glucose oxidase. Gold
nanoparticles associate with chitosan and glucose oxidase
(GOx) through non-covalent (e.g. van der Waals) forces. The
CS-GNp-GOx unit layer may be repeated one or more times
to form a multilayered coating. For high sensitivity, the CS-
GNp-GOx unit layer is repeated to form several layers.
[0046] Yet another embodiment of the assembly process
involves the use of screen printing on the substrate. One such
method is shown in FIGS. 3E and 3F. Such a method can
optionally omit the SWNT layer, as shown in FIGS. 3G and
3H.

[0047] The electrodes of saliva glucose sensors can be eas-
ily fabricated, for example by electron-beam (E-beam) depo-
sition or screen printing methods. One embodiment is to
manufacture E-beam deposited sensors and apply layer-by-
layer coating processes as described herein. The working
electrode can be functionalized, for example, with one layer
of SWNT and three layers of (GOx/GNp/CS) using the pro-
cess as shown in FIG. 3A, or alternatively by the process
shown in FIG. 3C. Another embodiment is to use screen-
printed test strips and apply a layer-by-layer coating process
as described herein. The working electrode can be function-
alized, for example with one layer of SWNT and three layers
of (GOx/GNp/CS) using a process as described in FIG. 3E.

[0048] A sensor system according to the invention can use
either treated or untreated saliva or other fluid as the test
sample. Saliva pretreatment can be achieved, for example, by
passing a patient sample or another sample through a semi-
permeable membrane that coats the sensor surface. Alterna-
tively, for ease of use, a sensor system can be used which
allows direct contact of the sensor element with saliva in the
mouth. In yet another embodiment, the sensor system
includes a built-in saliva filtration mechanism, which can be,
for example, a microfluidics-based system. In certain
embodiments, the sensor system serves as a glucose meter
that includes a signal conditioner and a microcontroller; such
a system can perform a series of amperometric measurements
and display the glucose concentration from each measure-
ment as an output signal or value, e.g., using a numerical
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display, graphic display, a dial indicator, or a color-based
display indicating selected ranges or conditions. Optionally,
the sensor system can compute and display an estimated
equivalent blood glucose level corresponding to the measured
saliva glucose level.

[0049] Theabove-described system can be implemented on
a single chip, onto which a single drop of saliva can be applied
as shown in FIG. 2b. The chip or sensor can be designed for
single use (i.e., disposable) or for repeated use, with rinsing
off or simple displacement of the saliva sample between
readings. It can be used for real-time, noninvasive glucose
monitoring for individuals at home and around clock.
Through continuous or periodic glucose monitoring, addi-
tional temporal information can be obtained, such as trends,
magnitude, duration, and frequency of certain glucose levels;
this would allow tracking of data for better and more accurate
assessment of a disease as well as the overall health condition
of'an individual. For example, the sensor system can activate
analarm for unusual or extreme glucose levels, decreasing the
nursing workload when trying to maintain tight glycemic
control. Such a system can also facilitate automatic feedback-
controlled insulin delivery in an insulin delivery system, such
as an artificial pancreas or insulin pump.

[0050] In a microfluidics embodiment, the sensor system
can utilize a small sample volume which is passed through
one or more microfluidic channels. An example of such an
embodiment is shown in FIG. 4. Saliva can pass through an
optional sample preparation channel and arrive at a glucose
sensor array in a detection chamber on the same microfluidics
chip. This microfluidics-based sensor system can serve as a
platform for detection or monitoring of a disease using saliva,
blood, or other body fluids, or a combination of such fluids.

[0051] The sensor system of the invention has the following
features: 1) High resolution. It can detect glucose levels down
to 5 ppm (0.5 mg/dL) or lower. 2) It provides noninvasive
measurement of glucose level without pricking the fingers. 3)
It offers easy operation without pain. 4) It has a short response
time of less than 10-20 seconds, yet offers accurate analysis.
5) It allows continuous glucose level monitoring for individu-
als, providing awareness of their health conditions. 6) It pro-
vides a simplified saliva sampling method. 7) The results
show physiological trends which are comparable with blood
glucose level determination. 8) The sensor or sensor system is
portable and reusable. 9) It uses saliva for glucose detection.
10) The device can be configured as part of a platform for oral
health monitoring and screening. 11) It allows accumulation
of data through day to day measurements for additional tem-
poral information, such as trends, magnitude, duration, and
frequency of certain glucose levels. 12) It can be used to study
diseases of the mouth using saliva samples by including suit-
able differential reactive chemistries substituted for glucose
oxidase. 13) It can set alarm levels for detection of extreme
and unusual glucose levels, which can decrease the nursing
workload where tight glycemic control is required and facili-
tate automatic feedback-control for insulin delivery systems,
such as an artificial pancreas or insulin pump.

[0052] The sensor can be miniaturized and optimized in
size or configuration for the desired application. The sensi-
tivity can be optimizing by adjusting the coating procedure of
the working electrode and building a production line so as to
achieve uniformity. The sensor can serve as a stand-alone
device, or it can be incorporated into another device.
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EXAMPLES
Example 1

Glucose Tolerance Test by Determination of Saliva
Glucose Using Glucose Sensors Fabricated by
E-Beam Deposition

[0053] A study was performed on one healthy human sub-
jectto conduct saliva glucose monitoring for over 3-hour time
period. The subject was asked to fast overnight and then asked
to drink a glucose-containing beverage (75 g Trutol®) after
fasting saliva samples were taken. The test simulated a glu-
cose tolerance test. Five more saliva samples were taken at 15
min, 30 min, 60 min, 120 min, and 180 min intervals after
consumption of the glucose containing beverage. Each saliva
sample was measured at least three times with disposable
saliva glucose sensors of the invention, and each blood
sample, taken at the same times as the saliva samples, was
measured at least three times with commercial disposable
Freestyle blood test strips. The results are shown in FIG. SA
(saliva glucose measurements) and FIG. 5B (blood glucose
measurements).

[0054] The first point on the time axis represents the col-
lected fasting sample, and the rest of the data points represent
values determined after the intake of the glucose beverage, as
shown in FIGS. 5A and 5B. The dashed line indicates the time
of glucose beverage intake. The saliva glucose level reached
a peak at around 15 min after the glucose beverage intake,
then decreased and returned to normal in 2 hours. The blood
glucose level reached a peak value at about 30 min after intake
of the glucose beverage and dropped to normal about 2.5
hours later. The saliva glucose sensors of the invention were
sensitive to expected physiological changes in saliva glucose,
and the results obtained paralleled the results obtained by
blood glucose determination.

Example 2

Glucose Tolerance Test by Determination of Saliva
Glucose Using Glucose Sensors Fabricated by
Screen Printing

[0055] Another clinical trial was performed on three
healthy human subjects to conduct saliva glucose monitoring
over a 2-hour period with glucose challenge after fasting. The
test was conducted similar to that described in Example 1,
except that in this study screen-printed saliva glucose sensors
according to the invention were used. The working electrode
was functionalized with one layer of SWNT and three layers
of (GOx/GNp/CS) using the process as described in FIG. 3C.
The results were compared to blood glucose measurements.
[0056] The subjects were asked to fast overnight and to
drink the glucose tolerance beverage after taken fasting saliva
and blood samples. Four more set of saliva and blood samples
from Subject B were measured at time intervals of 30 min, 45
min, 75 min, and 125 min (FIGS. 6A and 6B). and six more
for Subjects C and D at time intervals of 15 min, 30 min, 45
min, 60 min, 90 min, and 120 min (FIGS. 7A, 7B, 8A, and 8B,
respectively). Each saliva sample was measured at least three
times with disposable saliva glucose sensors, and each blood
sample was measured at least three times with commercial
disposable Freestyle Lite blood test strips.

[0057] The first point is the fasting sample and the rest are
the samples after intake of the glucose beverage, as shown in
FIGS. 6A, 7A, and 8A for saliva glucose and FIGS. 6B, 7B,
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and 8B for blood glucose. The dashed line indicates the time
of glucose beverage intake. The subjects’ saliva glucose lev-
els all reached a peak within half an hour, then decreased, and
almost returned to normal after 2 hours. Blood glucose levels
reached peak values about 40 minutes after intake of glucose
beverage and continued to drop over 2 hours.

[0058] These saliva glucose monitoring tests have success-
fully demonstrated that the saliva glucose monitoring system
of the present invention can provide noninvasive, reliable
(high resolution), convenient, fast, and continuous glucose
level monitoring from saliva for personal use and point-of-
care use.

[0059] As used herein, “consisting essentially of” allows
the inclusion of materials or steps that do not materially affect
the basic and novel characteristics of the claim, but excludes
materials or steps that would materially affect the basic and
novel characteristics of the claim. Any recitation herein of the
term “comprising”, particularly in a description of compo-
nents of a composition or in a description of elements of a
device, can be exchanged with “consisting essentially of” or
“consisting of”.

[0060] While the present invention has been described in
conjunction with certain preferred embodiments, one of ordi-
nary skill, after reading the foregoing specification, will be
able to effect various changes, substitutions of equivalents,
and other alterations to the compositions and methods set
forth herein.
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1. A glucose sensor for determining a concentration of
glucose in a liquid sample, the sensor comprising:

an insulating or semiconducting substrate;

at least one working electrode, a counter electrode, and a

reference electrode, and

a sample placement area on a surface of the substrate for

containing the liquid sample during a determination of

the glucose concentration in the liquid sample;
wherein each of the working electrode(s), counter electrode,
and reference electrode comprises a conductive metal layer
deposited on the substrate in the sample placement area;
wherein the working electrode is optionally coated in the
sample placement area with a plurality of sensor elements;
wherein the sensor elements or the working electrode in the
sample placement area is functionalized with a coating com-
prising glucose oxidase; wherein the working electrode,
counter electrode, and reference electrode are connected to an
amperometry circuit; and
wherein an output voltage of the amperometry circuit corre-
lates with a glucose concentration in the liquid sample depos-
ited in the sample placement area.

2. The glucose sensor of claim 1, wherein the substrate
comprises a material selected from the group consisting of
silicon, glass, ceramic, a non-conductive polymer, and com-
binations thereof.

3. The glucose sensor of claim 1, wherein the working
electrode comprises one or more materials selected from the
group consisting of gold, platinum, iridium, silver, silver/
silver chloride, and combinations thereof.

4. The glucose sensor of claim 1, wherein the sensor ele-
ments comprise a material selected from the group consisting
of single-walled carbon nanotubes (SWNT), graphite,
graphene, carbon nanofibers, carbon nanowires, and combi-
nations thereof.

5. The glucose sensor of claim 1, wherein the sensor ele-
ment functionalization coating comprises one or more layers,
each layer comprising a sublayer of chitosan, a sublayer of
gold nanoparticles disposed on the sublayer of chitosan, and
asublayer of glucose oxidase disposed on the sublayer of gold
nanoparticles.
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6. The glucose sensor of claim 1, further comprising a layer
comprising a polycationic polymer deposited on the surface
of the working electrode and beneath the sensor elements.

7. The glucose sensor of claim 6, wherein the polycationic
polymer is selected from the group consisting of polyally-
lamine, poly(L-lysine), polyethyleneimine, polyamidoamine
dendrimers, and combinations thereof.

8. The glucose sensor of claim 1, wherein the sensor ele-
ment functionalization coating comprises one or more mate-
rials selected from the group consisting of carbon nanotubes,
graphite, graphene, gold nanoparticles, platinum nanopar-
ticles, serum albumin, chitosan, and Prussian Blue.

9. The glucose sensor of claim 1, further comprising a
sensor element protective membrane.

10. The glucose sensor of claim 9, wherein the sensor
element protective membrane comprises Nafion, a lipid
bilayer, or another semi-permeable membrane.

11. The glucose sensor of claim 1 that is a component of a
microfluidics device, wherein the microfluidics device com-
prises one or more channels that deliver a liquid sample to the
sample placement area.

12. The glucose sensor of claim 1 that is capable of detect-
ing glucose at concentrations down to 5 ppm (0.5 mg/dL) or
lower.

13. The glucose sensor of claim 1 that is configured as a
disposable device or a reusable device.

14. The glucose sensor of claim 1 that is configured for
determination of glucose concentration in saliva.

15. The glucose sensor of claim 1 comprising one or more
working electrodes having functionalized sensor elements
capable of detecting an analyte other than glucose.

16. A glucose analysis system comprising:

the glucose sensor of claim 1;

a signal conditioning and/or analysis device that processes

an electrical signal from the sensor.

17. The glucose analysis system of claim 16, further com-
prising a transmitter device for sending a radio signal to a
remote receiver and/or to a data processing device, wherein
the radio signal carries information related to a glucose con-
centration in the liquid sample, the information obtained from
the signal conditioning and/or analysis device.

18. The glucose analysis system of claim 16, further com-
prising a memory device for accumulating data related to the
glucose concentration in the liquid sample, the data obtained
at different times or from different liquid samples.

19. The glucose analysis system of claim 16, further com-
prising a device for chemically or physically processing a
liquid sample and delivering the processed sample to the
sample placement area of the device.

20. A method of determining a glucose concentration in a
liquid sample, the method comprising the steps of:

(a) providing the glucose sensor of claim 1;

(b) introducing a liquid sample into the sample placement

area of the sensor; and

(c) determining the glucose concentration in the liquid

sample from an electrical output of the sensor.
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21. The method of claim 20 further comprising the steps of:

(d) removing the liquid sample introduced in step (b);

(e) introducing a new liquid sample into the sample place-
ment area of the sensor; and

() determining a new glucose concentration in the new
liquid sample from an electrical output of the sensor.

22. The method of claim 20, wherein the liquid sample is
from a subject who has diabetes, is suspected of having dia-
betes, or is healthy.

23. The method of claim 20, wherein the liquid sample is a
saliva sample.

24. A glucose sensor array comprising a plurality of sen-
sors according to claim 1 sharing a common substrate.

25. A method of fabricating a glucose sensor, comprising
the steps of:

(a) microfabricating one or more working electrodes, a
reference electrode, and a counter electrode on the sur-
face of an insulating substrate, wherein each of said
electrodes contacts a sample placement area on the sub-
strate;

(b) optionally depositing a layer of a polycationic polymer
onto the working electrode;

(c) optionally depositing a plurality of sensor elements
onto the polycationic polymer layer or onto the working
electrode;

(d) depositing a plurality of functionalization layers onto
the sensor elements or onto the working electrode;
wherein the functionalization layers comprise sublayers
of chitosan, gold nanoparticles, and glucose oxidase.

26. The method of claim 25, further comprising:

(e) depositing a sensor element protective membrane over
the functionalization layers of the sensor elements.

27. The method of claim 25, wherein the substrate com-
prises a material selected from the group consisting of silicon,
glass, ceramic, a non-conductive polymer, and combinations
thereof; wherein the working electrode comprises one or
more materials selected from the group consisting of gold,
platinum, iridium, silver, silver/silver chloride, and combina-
tions thereof, wherein the sensor elements comprise a mate-
rial selected from the group consisting of single-walled car-
bon nanotubes (SWNT), graphite, graphene, carbon
nanofibers, carbon nanowires, and combinations thereof; and
wherein the polycationic polymer is selected from the group
consisting of polyallylamine, poly(L-lysine), polyethylene-
imine, polyamidoamine dendrimers, and combinations
thereof.

28. The method of claim 25, wherein the sensor elements
are deposited on the working electrode by a self-assembly
process comprising depositing a liquid suspension of sensor
elements onto the layer of polycationic polymer.

29. The method of claim 25, comprising depositing two or
more working electrodes, each having differently functional-
ized sensor elements.

30. The method of claim 25, wherein one or more of the
working electrode(s), reference electrode, and counter elec-
trode is not coplanar with respect to the other electrodes.
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