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Methods to construct suitable microporus layers were pre­

viously discussed in parent application Ser. No. 10/264,206,
paragraphs 80-82, the contents of which are incorporated
herein by reference.

As previously discussed, it is often advantageous to cap
electrodes with such electrically inert microporus structures
to reduce interference. Alternatively, such electrically inert
microporous structures may be employed as "spacer" layers
between stacked arrays ofactive electrodes, as is discussed in
example 2.

Example 2

Multi-Layer Combined Glucose,
Beta-Hydroxybutyrate Sensor

In an alternative embodiment, a porous spacer layer may be
coated on top of the two sensor electrodes, and the reference
electrode in turn coated on top ofthe spacer layer. Because the
reference electrode is now elevated a significant distance
above the primary support, an elevated stage with a second­
ary-conducting path may be added. Here a drop of blood is
added directly to the primary support.

This "flat" reagent has its own unique set ofadvantages. Its
more open design facilitates manufacturing. Additionally,
some users may prefer applying sample to the more open
reagent area.

This scheme is shown in FIG. 2. In this scheme, conducting
electrical paths (102, 103) are laid down on support (101)
followed by the glucose and beta-hyroxybutyrate electrodes
(202,203). Usually this is done by a screen-printing process.
In subsequent screen-printing processes, porous spacer layer
(204) is printed to help fluid flow. Glucose and beta-hydroxy­
butyrate reagents (205, 207) are printed on top of the porous
spacer layer and are absorbed into the layer. A second porous
spacer layer (208) is then printed. An elevated stage (212) to
carry the reference electrode signal to the meter may then be
added, either by lamination or thick film printing. Finally,
reference electrode (209) and reference electrode conductive
paths (107) are printed. This reference electrode may contain
one or more open regions (210) to allow the applied sample to
flow to the lower layers. In some embodiments, it may be
advantageous to apply a final porous layer on top ofreference
electrode (209) to stabilize the electrode stack, and reduce
imprecision due to hematocrit effects or other interferents.

In operation, a drop of blood is placed on top of reference
electrode (209). The blood flows through electrode gap (210)
into porous spreading layer (208). The blood then flows into
porous electrodes (207) and (205). Electrical signals from
glucose and beta-hydroxybutyrate production (202, 203) are
conducted to the meter through electrical paths (102, 103).
The reference electrode signal is conducted to the meter
though elevated electrical path (107) on an optional different
surface (212) elevated above first surface (101).

Although electrochemical based glucose tests are rapidly
becoming the preferred modality for this type ofreagent, it is
also possible to create simple, easy to use, one blood drop
activated optical glucose+beta-hydroxybutyrate (or other rel­
evant second analyte) reagents as well. This is shown in
example 3.

Example 3

Optical Combined Glucose/Beta-Hydroxybutyrate
(or Other Relevant Second Analyte) Test Strip

In this example, a blood separating membrane, such as the
membranes produced using the highly asymmetric mem-

brane technology of the Filterite division of Pall corporation
("asymmetric polysulfone membranes", see U.S. Pat. Nos.
4,774,192 and 5,968,836) may be used to conduct the basic
reaction. Typically filter membranes rated between 0.8 and
0.2 microns are preferred for this purpose. Asymmetric
polysulfone membranes, used in this example, have a variable
porosity structure with a large pore side on one side of the
membrane, where sample is typically applied, and a small
pore side, where the reaction results are typically observed.

10 Red cells in the blood sample applied to the large pore side
migrate only partially into the membrane matrix, where they
become trapped. By contrast, the plasma portion ofthe blood
is free to move all the way to the small pore side. The mem­
brane has sufficient optical opacity that if whole blood is

15 applied to the large pore side of the membrane, only clear
plasma is observed on the small pore side. Thus the color and
reaction obscuring properties of the red cell hemoglobin are
removed from the reaction. By embedding the appropriate
reaction chemistry into the membrane, various types of

20 chemical analytes can be observed, in particular, glucose and
beta-hydroxybutyrate.

The small pore side ofthe membrane can be left open to the
air. Alternatively, the small pore side may be covered with a
transparent layer. Such transparent coverings may be desir-

25 able to improve reaction uniformity, resistance to environ­
mental variables, and to reduce the chance ofplasma from the
sample contaminating the underlying meter. Such transparent
membranes can reduce oxygen flow to the reaction however.
Although this is not a problem for non-oxygen dependent

30 enzymatic reactions, such as the beta-hydroxybutyrate reac­
tion, it can be a problem if the commonly used glucose oxi­
dase reaction for detecting glucose is used. Such glucose
detection reactions are oxygen dependent, and thus might
function sub optimally ifthe reaction matrix has a transparent

35 layer that does not conduct oxygen well.
In this situation, use of the hexokinase glucose (glucose

dehydrogenase) detection chemistry may be favored, since
such reactions are not oxygen dependent. Additionally, such
reactions use a number of the same reaction intermediates

40 (NAD-NADH) and enzymatic reaction facilitators (diapho­
rase) etc., as the beta-hydroxybutyrate reaction. This may
simplifY test reagent construction, since the base membrane
may be coated with reaction chemistry common to both enzy­
matic reactions, and the chemistry specific to each particular

45 reaction may be then applied or streaked on in subsequent
steps.

In order to work with a single 1-10 ul sized drop of blood,
both the glucose and the second analyte (such as beta-hy­
droxybutyrate) reaction zones should be situated close to

50 each other. As an example, membrane in the reaction zone
may be coated with the glucose specific chemistry on one
half, and the beta-hydroxybutyrate chemistry on the other
half. The two half sides may be separated by a gap, or by a
semi-permeable "speed bump" zone. Alternatively, the mem-

55 brane may be intermittently sealed in a dotted line fashion
between the two sides, so that cross-diffusion between sides
is reduced, yet the two areas still remain in fluid communi­
cation.

Since beta-hydroxybutyrate or other second analyte detect-
60 ing reagents will tend to be expensive, in an alternative con­

figuration, it may be preferable to spot a smaller "dot" or
"stripe" of the second analyte reagent onto a membrane oth­
erwise nearly 100% saturatedwith the glucose reagent. In this
case, the second analyte chemistry should be selected as to be

65 resistant to the distortions caused by the large amount of
neighboring glucose detection chemistry. This may be
accomplished by a variety ofmeans, such as incorporating a
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hydrogen peroxide absorbing or inactivating chemistry in the
second analyte reagent. In this case, the user will either be
expected to judge the color of the dot or stripe by eye, or
alternatively the meter may contain means, such as a linear
photodetector array, etc., to image the spot or stripe, and
calculate and report a separate measurement.

In yet another alternative embodiment, the two regents may
be applied to the surface of neighboring optical fibers or
optically conductive pathways (such as an optical "light
pipe"), one reagent per optical light-pipe. A holder that
exposes both fibers to the same drop of blood may hold these
optical light pipes together. In this case, the meter will contain
means to independently interrogate the two optical light
pipes, and report separate measurements.

In order to help visually distinguish this combined analyte
test strip from the more commonly used single analyte test
strip, it may be advantageous to include a tracking dye with
either the glucose specific or second analyte specific second
coating. A user could then use the colored stripe to help
visually distinguish the combined test strip from the single
analyte test strip.

In order that the tracking dye not interfere with subsequent
colorimetric analysis of the reaction (either visual or photo­
metric), it would be further advantageous if the dye rapidly
undergo a transition from colored to uncolored (or alternate
color) soon after sample application. Any dye that does not
otherwise interfere with the reaction chemistry may be used
here. As one example, the pH tracking dyes methyl red or
phenol red may be applied to the surface of the membrane in
a thin layer at pH that is mildly acidic relative to the rest ofthe
reagent membrane. This thin layer is rapidly air dried imme­
diately after application to keep the tracking dye distinct from
the rest of the reagent in the membrane.

Under mildly acidic conditions, suitable pH tracking dyes
absorb intensely around 520-550 nm and appear yellow.
Upon application of sample, the dyes will mix with the more
alkaline conditions in the applied sample and dried buffer
from the rest of the membrane reagent, transition to a less
acidic environment, and change their spectral properties. In
particular, the dyes intense absorbance at 520-550 nm will
stop (and thus the observed reflectance in the spectral region
between 500-580 nm will increase), and instead the dyes will
absorb at around 435 nm, and appear red. One advantage of
this spectral response is that many indicator dyes useful for
glucose and beta-hydroxybutyrate reactions have absorbance
maximums that extend well into the 600 nm region, and thus
there will be no additional cross-talk with the less acidic form
of the pH indicator dyes. Many other dye reactions are pos­
sible and suitable, however.

A further advantage of such a tracking dye that undergoes
a colored to clear transition upon hydration is that it can be
used to help insure correct registration and tracking in an
automated meter reader system. A frequent problem with
such tests is that if a test strip reagent is not fully inserted (for
example is only inserted so that half of the reaction zone is
visible to the photo-optical reader), and then triggered by a
optical reflectance drop (such as taught by u.s. Pat. Nos.
5,049,487; 5,843,692 and 6,268,162), then there is a signifi­
cant possibility that the reaction would proceed with the
meter reading only part of the colorimetric indicator. This
could result in a potentially serious measurement error.

A meter designed to read a visually based combined func­
tional glucose-second analyte test strip will normally have
two photodetector systems, one designed to read the glucose
portion, and the other designed to read the second analyte
portion.

The asymmetric polysulfone membranes used in the
examples here differ from the nylon membranes previously
employed in the reflectance drop triggering methods of U.S.
Pat. Nos. 5,049,487 and 5,843,692. Typically the color drop
upon the placement of blood on an asymmetric polysuflone
membrane is considerably less than the color drop upon the
placement ofblood on a nylon membrane. This is because the
red-cell lytic nature ofnylon membranes causes hemoglobin
to rapidly transfer to the observation side of the nylon mem-

10 brane. By contrast, non red cell lytic membranes, such as
asymmetric polysuflone membranes, conduct relatively
small amounts of hemoglobin to the observation side of the
membrane. Thus use of reflectance drop techniques to detect
sample application is relatively problematic when using

15 reagents employing non-red cell lytic membranes are used.
By contrast, use of the color change of a tracking dye,

induced by sample induced membrane hydration, has a num­
ber of advantages for test triggering purposes. Here, the test
reagent is optimally designed so that the test strip must be

20 fully inserted in order to bring the tracking dye portion ofthe
membrane into full view. The meter can then be programmed
to repeatedly interrogate the reflectance of the tracking dye
portion ofthe membrane. Upon addition ofsample, the track­
ing dye will then transition from a colored state to a non-

25 colored state (or alternate color state), and the increase in
reflectance at one or more wavelengths can then be used to
trigger the start of the reaction. If the test strip is not fully
inserted, or if the wrong type of test strip is used, the device
will not trigger. This provides extra protection against user

30 errors.
Modern blood glucose meters are extremely fast, and to be

competitive, a dual-purpose glucose-second analyte reagent/
meter system must also be as fast as possible. Here the reac­
tion chemistry imposes some constraints, however. A sample

35 with a high level of glucose or beta-hydroxybutyrate will
typically take longer to complete than a reaction with a low
level ofthese analytes. By necessity, an instrumented test that
waits a fixed amount of time after reaction initiation in order
to be sure to properly measure a sample containing a higher

40 level of analytes will proceed with sub-optimal time effi­
ciency with samples containing a lower level of analytes. In
order to be as fast as possible, therefore, it is further advan­
tageous to photometrically sample the reagent multiple times
during the reaction, make real-time assessments as to if the

45 reaction is heading to completion, and terminate the variable
length test as soon as feasible.

FIG. 3 shows an exemplary combined optical glucose,
second analyte sensor. A plastic support (301) with a center
aperture carries membrane (302), which may be covered by

50 optional transparent layer (303). In this example, both the
glucose and the exemplary beta-hydroxybutyrate reaction use
dehydrogenase enzymes.

Label 320 shows a view from the top of plastic support
(301) looking down on membrane (302) from above. Center

55 aperture (321) can be seen. Membrane (302) has typically
been first coated throughout with a reaction solution typically
containing a buffer, reaction cofactors such as NAD and dia­
phorase enzyme, and typically one or more polymers and
non-glucose sugars to stabilize the reaction components, and

60 helps modulate fluid flow. Membrane (302) will also contain
two tracks. These tracks are usually produced by a second
overcoating step using a thin layer of overcoat reagent solu­
tion followed by rapid drying.

One track (322) will contain the complementary enzyme
65 for one of the two test reactions, such as hexokinase glucose,

an indicator dye, and other reaction cofactors. A second track
(323) will contain the complementary enzyme for the other
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test reaction, such as beta-hydroxybutyrate dehydrogenase
and other reaction cofactors. A second reagent indicator dye,
(ideally with a different spectral response from the first indi­
cator dye to minimize cross talk), will also be included. The
second reagent track will usually be separated by gap (324)
from the first reagent track.

Often, it may also be advantageous to include a moisture
sensitive tracking dye (shown as the crosshatched area in
(323)) that changes color from dark to light upon the addition 10

of sample, into one or more of the two reagent tracks.

In operation, 1-10 ul (more generally 0-20 ul) of whole
blood (304) is applied to the sample-receiving (open pore in
the case of asymmetric polysulfone) surface of membrane 15

(302). Red cells and plasma are separated and plasma flows
through to the optical reading side, which may be covered by
optional transparent membrane (303). The reaction zones
(322) and (323) become hydrated with sample.

While this is going on, the underside of the test strip is 20

being observed by a microprocessor controlled optical stage
underneath the membrane (305-312). In operation, the optical
stage periodically polls the state oftracking dye-coatedmem­
brane (323). This is done by a light source (308), controlled
by microprocessor (313). This light illuminates the underside 25

of the test strip (302, 303) and is detected by a microproces­
sor-controlled photodetector (310).

Typically light sources (305) and (308) will be provided by
light emitting diodes (LEDs), and have defined spectral char- 30

acteristics. In particular, light source (308) will optimally
have spectral characteristics optimized to be sensitive to the
color transition of the tracking dye, and also sensitive to the
color transition ofthe indicator dye. Ifone LED does not have
the required wavelength spectral properties for both pur- 35

poses, two LEDs (or other light sources) with different spec­
tral properties may be used in (308).

Upon sample addition, tracking dye (323) alters its spectral
state and the increase in reflectance on at least one wavelength
is detected by photodetector (310). This initiates test timing. 40

Both reaction zone areas (322) and (323) are observed peri­
odically by light source (305) and photodetector (307) (for
zone (322)) and by light source (308) and photodetector (310)
(for zone (323)). Note that depending upon the optical geom- 45

etry, the same photodetector may be used for both (307) and
(310).

The microprocessor (313) monitors the kinetics of both
reactions. When it accumulates enough data points to either
determine reaction rate, or extrapolate reaction endpoint lev- 50

els, microprocessor (313) stops accumulating further data,
calculates the final answer, and typically will display both
answers on display (314).

In an alternative embodiment, the device of FIG. 3 can be
configured to be a dual glucose-blood turbidity sensor. In this 55

alternative embodiment, half of the membrane (portion 322)
is omitted, and the transparent support 303 is present. As a
result, the 322 portion ofwindow 321 allows a direct view of
the blood sample, while membrane 323 allows an analyte, 60

such as glucose, to be determined by the enzymatic calori­
metric techniques discussed previously. In this scheme, light­
emitting diode 305 is configured to emit near-infrared light
(i.e. light with a wavelength greater than about 650 nm), and
photodiode 307 is configured as a backscattering turbidity 65

detector. This backscattering signal can then be converted to
a triglyceride concentration (using a conversion equation

such as equation 1), chylomicron concentration, or other
marker of relative lipemia levels.

Example 4

Combined Electrochemical-Optical Sensor

In this example, a hybrid detector element is formed con­
taining one detection element based upon electrochemical
technology, and a second detection element based upon opti­
cal technology.

Here, the electrochemical element may be a conventional
electrochemical detector element, such the electrochemical
glucose sensors discussed previously. The optical element
may be a membrane based optical sensor, such as the optical
membrane beta-hydroxybutyrate sensors discussed previ­
ously, or an alternate type of optical sensor.

One advantage ofelectrochemical sensors, however, is that
the sensor element only needs to be connected to a meter by
an electrical contact. As a result, electrochemical sensor­
meter systems can be designed in which the electrochemical
detector protrudes a significant distance away from the main
body of the meter. This improves the user interface, because
a drop of blood can be more easily applied to the protruding
sensor. Additionally, it is often easier to insert or remove
sensors if they stick out from the main meter body.

By contrast, membrane based optical sensors typically
need to be held closely to the optical portion of a meter. This
makes sample application more difficult, as applied blood
thus has a higher chance of smearing onto non-sensing
regions of the meter body, creating an undesired mess.

To avoid these ergonomic issues, it may often be advanta­
geous to use an optical conductive pathway, such as a molded
optical wave guide, optical fiber, "light-pipe" or the like to
transmit the optical signal from the second optical sensor to a
detection device. The optical wave-guide carries the optic
signal along the same pathway used to conduct the electrical
signals. Because the optical reagents need be applied only to
the tip of the optical wave-guide probe, only extremely small
amounts ofreagent and blood are needed for the reaction. As
a result, an optical sensor may be added to an electrochemical
sensor with only minimal perturbation to the design of the
electrochemical sensor.

A diagram showing this combined electrochemical optical
sensor is shown in FIG. 4. Here, the support substrate (101)
contains electrodes (102, 103) making contact with conven­
tional glucose electrochemical reagents (404, 405). This, in
turn, is separated by a spacer layer (108) from second support
substrate (106). In practice, first support substrate (101),
spacer (108), and second support substrate (106) are com­
bined to form a single unit, containing a chamber (109),
which is used to receive the blood sample.

The unit additionally contains at least one optical wave­
guide element (408) placed between support substrate (101)
and (106). This optical wave-guide may be tipped with a
colorimetric, fluorescent, or luminescent reagent (409), such
that the analyte in the blood admitted to reaction chamber
(109) produces a detectible optical signal, which is transmit­
ted to an optical detection apparatus or meter by way of
optical wave guide (408). Alternatively, when a turbidimetric
or other measurement not requiring a separate reagent is used,
the optical wave guide (or light pipe) need not be tipped with
any reagent.

The configuration ofoptical wave-guide or light pipe (408)
may be optimized for the specifics of the meter design and
reaction chemistry. In some embodiments, it may be desirable
to utilize an asymmetric design in which the meter side ofthe
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optical reaction if the results of the electrochemical reaction
suggest that the optical reaction results may be medically
relevant.

As an example, the meter may be programmed to immedi­
ately report glucose, and not indicate that a second beta­
hydroxybutyrate reaction is proceeding, unless the glucose
results fall into a high range where ketoacidosis is a genuine
possibility. However if the glucose level falls into a range
where ketoacidosis is a potential concern, the meter may

10 display an alternative message such as "Wait-checking
ketones" while the ketone test automatically continues. In this
way, the test may proceed with optimum speed most of the
time, while still providing a valuable emergency ketoacidosis
warning.

Alternatively, when a dual glucose/lipoprotein (triglycer-
ides, chylomicrons) test is desired, and the lipoproteins are
detected by light scattering (turbidimetric) methods that are
also very fast, the meter may display the glucose measure­
ment as a number and the turbidimetric chylomicron or lipo-

20 protein light scattering measurement as a bar graph ofvarying
height. The human factors advantage of this mixed numeric­
graphic display is that the less critical chylomicron reading
will not distract the user from the more immediately urgent
numeric blood glucose reading. This mixed display still

25 allows both results to be read at a glance, however. Many
other display schemes, such as large and small numbers,
different colors, etc. are also possible.

Note that although FIG. 4 shows a fiber optical wave guide
operating in conjunction with an electrochemical sensor

30 where both electrodes are on the same solid support, it should
be obvious that these concepts will apply equally well to other
electrode configurations as well. As an example, each elec­
trode could be mounted on a different support surface, such as
surfaces (101) and (106). Alternatively, electrode configura-

35 tions as shown in FIG. 2 may be used.
FIG. 5 shows a close up ofthe interface between a test strip

(501) containing an opening to admit a sample (109), a single
fiber optic sensor (408); docking to meter (504). This test strip
may additionally contain electrochemical sensor electrodes

40 (not shown) that also make contact with meter (504).
In this scheme, optical fiber (408) docks with an optical

adapter element (505), which further may split the optical
signal between a wavelength emitter element (506) and a
detector element (507). Ideally, to reduce manufacturing

45 costs, two or more of these detector elements and or adapter
unit (505) are integrated onto a single custom optical chip
(508). The information from the optical detector, and the
electrochemical detectors, is then processed by a micropro­
cessor, converted to a clinically useful set of values, and

50 communicated to the user.
FIG. 6 shows a combination glucose-backscatter turbidity

sensor based upon a flat electrode configuration. In FIG. 6, the
support material consists of two or three (three are shown)
optically separate optical wave-guides or light-pipes 601,

55 602, and 603 (typically constructed ofa transparent material,
such as thin transparent plastic, with dielectric properties
compatible with the electrochemical sensing portion of the
test. Alternatively fiber optic fibers can be mounted on an
appropriate support material) laminated together to form a

60 flat base. To minimize interference from outside light and also
to minimize cross-talk between light pipes, unless otherwise
stated, the sides ofeach light pipe will usually be covered with
an opaque (non-light conducting) material. However if the
test-strip is to be mounted directly onto a meter optics block

65 that performs the light scattering measurement, the support
material may be transparent (not covered with an opaque
material), and the light scattering may be observed directly.

optical wave-guide is larger than the sample side ofthe optical
wave-guide. This will facilitate optical coupling between the
meter's optical excitation source and detector, and the wave­
guide. At the same time, the sample side of the wave-guide
can be kept extremely small, which minimizes the amounts of
reagents and blood needed for the test.

Reagents, ifneeded, may be applied to the sensor end ofthe
optical wave-guide with appropriate particulate or polymeric
agents so as to create a relatively tough, but fluid permeable,
cap on the tip ofthe wave-guide. Reaction chemistry indicator
dyes and detection wavelengths may be chosen to give opti­
mal signal-to-noise ratios with whole-blood samples. This
favors the use of indicator dyes and detection wavelengths
operating in the red and infrared end of the spectrum (greater
than 650 run), where interference from the hemoglobin 15

present in whole blood is relatively minimal.
For colorimetric detection chemistries, it may often be

advantageous to use multiple wavelength detection means
employing both an indicator dye detection wavelength, and a
reference wavelength where the indicator dye does not absorb
as strongly. In this way, distortion of the calorimetric signal
due to varying levels of hemoglobin or other interfereants in
the sample may be minimized.

The configuration of the optical wave-guide may also be
optimized for the problem at hand. As an example, in some
situations, it may be advantageous to employ a dual chamber
optical wave-guide with separate or partially separate optical
conduits for the excitation signal and return signal. In other
cases, a plurality of optical wave-guides may be advanta­
geous.

For configurations employing reagents generating an opti­
cal signal, and single-fiber optical wave guides (fiber optics),
use of fluorescent indicator dyes has certain advantages. The
excitation wavelength, and the return fluorescent wavelength
from the indicator dye, may travel through the same optical
fiber with minimal confusion or cross-talk. Due to the
extreme cost sensitivity ofhigh volume mass-market glucose
test strips, simple designs such as this are helpful. Simple
reagent designs, which use minimal amounts ofoptical mate­
rials or reagents, have inherently lower production costs.

In the single fiber configuration, the reagent test-strip itself
is kept extremely simple to reduce costs. Here, the single
optical fiber is plugged into the optical unit ofa meter, and any
additional optical processing, beam splitting, and the like is
performed by the meter's optical sensor unit. Ideally, to
reduce costs to a minimum, the meter's optical sensor device
is a miniaturized integrated optical chip, such as a MEMS
optical chip.

In operation, sample is applied to reaction chamber (109).
This sample interacts with the electrochemical sensor, pro­
ducing a change in the electrical characteristics of the elec­
trodes, such as an amperometric, potentiometric, conducto­
metric, impedance, or other electrically detectible change,
that signals the start of the test.

The meter will contain both electrical means to monitor the
electrochemical reaction, and optical means to monitor the
optical reaction. The meter monitors the reaction progress of
the electrochemical reaction through electrical contact with
electrodes (102, 103). The meter uses the same electrical
signal used to trigger the start ofthe electrochemical reaction
to begin monitoring the optical reaction through optical con­
tact with optical wave guide (408).

Usually, but not always, the electrochemical reaction will
proceed faster than the optical reaction. The meter may be
programmed to immediately report the electrochemical reac­
tion, and additionally may be programmed to either always
display the optical reaction, or alternatively only display the
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window 622. Rather, it may be desirable to arrange windows
621 and 623 so that one window is closer to excitation win­
dow 622, and thus measures backscattered light closer to
180°, and the other window is further away from excitation
window 622, and thus measures backscattered light at alter­
nate angles. The relative difference in intensity between the
two signals can thus be used to estimate the relative size ofthe
light scattering particles, and further discriminate between
light scattered by the smaller lipoproteins and the light scat­
tered by the larger red-cells.

Note that although FIG. 6 shows a three light-pipe configu­
ration, in a more minimal implementation, only two light
pipes (for example 601 and 602) will be needed to implement
this type ofsensor. These two light pipes could consist oftwo
fiber optic fibers, one for excitation, and the other to collect
the scattered light. In still other alternative configurations, the
third light pipe may be configured to directly sample the light
output from the excitation light pipe 602, thus providing an
excitation reference signal to the meter, which can be useful
in normalizing or otherwise adjusting the light-scattering data
for variations in the efficiency in light excitation energy.

FIG. 7 shows an exploded diagram of a "sandwich-type"
combination glucose-side scattering turbidity sensor, in
which blood samples migrate into a sensor cavity by capillary
action. In FIG. 7, the support material again consists ofthree
optically separate optical waveguides or light-pipes 701, 702
and 703 (typically constructed ofa transparent material, such
as thin transparent plastic, with dielectric properties compat­
ible with the test's electrochemical sensors, or alternatively
fiber optic fibers mounted on an appropriate support material)
and unless otherwise stated may be coated with an opaque
(non-light conducting) material to minimize interference
from outside light, and to minimize cross-talk between light
pipes. One end of each light pipe is configured with a trans­
parent optical connector 711, 712 and 713 so as to enable each
light pipe to interact with an outside light source or optical
detector (not shown). Each light pipe has either an additional
optical window 722 or 723 or alternatively a central opening
109 through which light may traverse. The glucose sensing
electrodes 102 and 103 will typically be formed on the top
surface of light pipe 702. These electrodes are normally
opaque, and in some configurations it may be desirable to lay
out the electrodes in such a configuration as to optimize the
openings in the opaque material surrounding the light pipe,
consistent with the creation of optical window 722.

In use, a drop ofblood (not shown) containing glucose, red
cells, and light scattering lipoproteins (chylomicrons) is
applied to opening 109 on the side of the sensor. Blood
migrates into the central cavity 109 ofthe sensor by capillary
action. Light from a meter optical source 732 enters the
optical connector 712 on light pipe 702. This light is con-
ducted through the light pipe to light pipe optical window
722. There the light beam 742 exits window 722 and will
illuminate the lipoproteins 730. Side scattered light 741 from
lipoproteins 730 then enters light pipe 701 through optical
windows 721. This side-scattered light is then conducted
back through transparent optical connector 711, where it re­
emerges as sides scattered light 751. This can then be ana­
lyzed by the photodetectors on the meter and converted to a
clinically relevant measurement by a conversion equation
such as equation 1.

One advantage this side-scatter approach is that the non­
scattered light 743 (or alternatively low-angle scattered light)
can also be analyzed. This can then be used as a reference

65 signal. If analysis ofnon-scattered light is desired, the place­
ment ofoptical window 723 in light pipe 703 can be arranged
directly over excitation light window 722. Non-scattered light

One end ofeach light pipe is configured with a transparent
optical connector 611, 612, and 613 so as to enable each light
pipe to interact with an outside light source or optical detector
on a meter (not shown). Each light pipe also has at least one
additional optical window 621, 622, and 623, typically 5

formed by a gap in the opaque material covering the various
respective light pipes. The three laminated light pipes 601,
602, 602 will typically fonn a continuous flat surface. The
glucose sensing electrodes (for simplicity, only the conduc­
ing traces are drawn, and the actual electrode reagent pads are 10

not shown) 102 and 103 will typically be fonned on this flat
surface. These electrodes are nonnally opaque, and in some
configurations it may be desirable to layout the electrodes in
such a configuration as to optimize the openings in the opaque
material surrounding the light pipe, consistent with the cre- 15

ation of optical windows 621, 622 and 623.
In use, a drop ofblood (not shown) containing glucose, red

cells, and light scattering lipoproteins is applied to the top
surface of the sensor. Light from a meter optical source 632
enters the optical connector 612 on light pipe 602. This light 20

is conducted through the light pipe to light pipe optical win­
dow 622. There the light beam 642 exits window 622 and will
illuminate the lipoproteins 630. Backscattered light 641, 643
from lipoproteins 630 then enters light pipes 601 and 603
through optical windows 621 and 623. This backscattered 25

light is then conducted back through transparent optical con­
nectors 611 and 613, where re-emerges as backscattered light
651 and 653. This can then be analyzed by the photodetectors
on the meter.

The meter will also have electrodes capable of interfacing 30

with test-strip electrodes 102 and 103.
In addition to providing chylomicrons for the light scatter­

ing determination, the applied drop of blood also hydrates
meter electrodes 102 and 103. This signals the meter to per­
form a standard electrochemical blood glucose detennina- 35

tion. At about the same time, the meter sends pulses ofnear­
infrared light 632 through optical interface 612. If there is a
high level of lipoproteins present in the blood sample, the
backscattered light signal 641 and 643 will be relatively high.
This will be detected by meter photodetectors analyzing the 40

light signal 651 and 653 reemerging from optical interfaces
611 and 613. This signal can then be analyzed by the meter's
microprocessor, and the user presented with a dual glucose­
light scattering derived measurement. This light scattering
measurement may be transfonned by the meter's micropro- 45

cessor, using a conversion equation such as equation I, to a
clinically relevant triglycerides, chylomicron level, or other
measure of relative lipemic risk to guide the user in subse­
quent corrective action as needed.

Incoming light 632 may be composed of one or several 50

wavelengths of light. If one wavelength is used, this will
typically be a wavelength of about 700 nm or greater so as 0

have minimal absorption by the hemoglobin present in the
sample's red blood cells. In some cases, however, it may be
advantageous to use multiple wavelengths, such as 700 nm 55

and either a shorter wavelength (useful for determining the
amount of scatter caused by red cells in the sample) or a
longer wavelength (useful for determining the relative size of
the light scattering particles), or both. To reduce interference
from outside light, the incoming light 632 will typically be 60

switched on and off at high frequency intervals, and the
meter's photodetector and analysis circuitry and program
designed to use the light-off scattering signal to compensate
for any stray background light signals that may interfere with
the light-on scattering measurements.

Note that the locations ofwindows 621 and 623 do not need
to fonn equivalent angles with light emitting from excitation
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743 then enters light pipe 703, and is conducted to a photo­
detector on an outside meter (not shown) by way of optical
connector 713, where it emerges as non-scattered light 753.
Alternatively, iflow-angle scattered light is desired, the opti­
cal window can be designed to be an annulus (ring) window 5

763 with the center part of the window 723 opaque to block
non-scattered light, and the ring 763 transparent to allow
low-angle scattered light to enter the device.

The meter will also have electrodes capable of interfacing
with test-strip electrodes 102 and 103. 10

In use, a drop of blood is placed on the test strip. This
rehydrates meter electrodes 102 and 103, and the meter per­
forms a standard blood glucose determination. At the same
time, the meter sends pulses of near-infrared light 732
through optical interface 712. If there is a high level oflipo- 15

proteins present in the blood sample, the side-scattered light
signal 741 will be relatively high. This will be detected by
meter photodetectors analyzing the light signal 751 and
reemerging from optical interfaces 711. This signal can then
be analyzed by the meter's microprocessor, and the user 20

presented with a dual glucose-light scattering measurement.
This light scattering measurement may be transformed by the
meter's microprocessor to equivalent triglycerides, chylomi­
cron level, or other measure of relative lipemic risk (such as
postprandial lipemia analyte concentration) to guide the user 25

in subsequent corrective action as needed.
Incoming light 732 may be composed of one or several

wavelengths of light. If one wavelength is used, this will
typically be a wavelength of about 700 nm or greater so as to
have minimal absorption by the hemoglobin present in the 30

sample's red blood cells. In some cases, however, it may be
advantageous to use multiple wavelengths, such as 700 nm
and either a shorter wavelength (useful for determining the
amount of scatter caused by red cells in the sample) or a
longer wavelength (useful for determining the relative size of 35

the light scattering particles), or both. To reduce interference
from outside light, the incoming light 732 will typically be
switched on and off at high frequency intervals, and the
meter's photodetector and analysis circuitry and program
designed to use the light-off signal from the light scattering 40

detection light-pipes to compensate for any stray background
light signals that may interfere with the light-on scattering
measurements. The difference in signal intensity between the
side scattered light and the low-angle scattered light may also
be used to determine the relative size of the light scattering 45

particles.
FIG. 8 shows a side view of the sandwich style dual glu­

cose-side scattering turbidity sensor previously shown in
exploded form in FIG. 7. In FIG. 8, the three light pipes 701,
702 and 703 are shown laminated together to form a single 50

structure. The electrodes leading to the glucose sensors (here
electrode 102 is shown, and 103 is hidden) are exposed to
facilitate interface with socket on a meter capable of reading
the glucose electrodes. The optical interfaces to the three light
pipes, 711, 712 and 713 are also exposed and are also 55

designed to slide into a meter socket, usually a combination
electrochemical and optical socket on a meter designed to
perform simultaneous electrochemical and optical determi­
nations. This meter socket will provide excitation light 732
into the excitation light pipe 702 by way of optical interface 60

712. The meter socket will receive side-scattered light 751
from light pipe 701 by way ofoptical interface 751. The meter
may also receive low-angle scattered light or a non-scattered
light reference signal 753 from light pipe 703 by way of
optical interface 713. This figure also shows a view ofoptical 65

window 723, here used to return a non-scattered light refer­
ence signal 753.

24
FIG. 9 shows a front view ofthe dual glucose-side scatter­

ing turbidity sensor previously shown in exploded form in
FIG. 7, and in side view in FIG. 8. In FIG. 9, the three light
pipes 701, 702, and 703 are again shown laminated together
to form a single structure. The electrodes forming the blood
glucose sensor 102 and 103 are also shown. The central cavity
ofthe sensor, with the opening to admit blood, and the interior
region where blood migrates by capillary action, is shown as
109.

As before, a small drop ofblood is applied to the test strip
and this blood fills the central cavity 109 by capillary action.
The fluid in the blood sample (not shown) activates the blood
glucose sensors, and electrodes 102, 103 electrically commu­
nicate the results. At the same time, lipoproteins (chylomi­
crons) in the blood sample (not shown) are illuminated by
light 732 traveling through light pipe 702, and exiting light
pipe 702 through optical window 722. Light side-scattered by
the lipoproteins (741) enters light pipe 701 through optical
window 721. This is transmitted by light-pipe 701 and exits
the light pipe by optical interface 711 as signal 751, which is
then read by a meter that connects to the optical interfaces and
electrodes by a socket (not shown). Non-scattered light or
low-angle scattered light 743 enters light pipe 703. This in
turn is transmitted by light pipe 703 and exits the light pipe by
optical interface 713 as signal 753. This is read by the same
meter.

Alternate configurations are also possible. In an alternate
embodiment of FIGS. 7-9, the lower support 702 is transpar­
ent, the upper support 703 is made up of a black, non-reflec­
tive material, and the turbidity is measured by an optical
system shining near-infrared light through support 702, and
measuring the backscattered turbidity through support 702,
using a meter similar to FIG. 3 sections 305, 306, 307, 311,
313, and 314. At the same time, electrodes on the meter can
make contact with the electrodes on the electrochemical test
strip, again allowing simultaneous glucose and backscatter­
ing turbidity measurements to be performed.

A particularly simple test strip configuration, somewhat
favored due to the lower manufacturing cost, is shown in FIG.
10. FIG. 10 shows a "sandwich" type electrochemical blood
glucose test strip, similar to that previously shown in FIG. 4,
with two fiber-optic fibers 1001 and 1003 accessing the cen­
tral cavity 109. Near infrared light 1000 from the external
meter (not shown) enters central cavity 109 through fiber end
1002. In this configuration, optical fiber end 1002 is usually
not tipped with any reagent. This light illuminates central
cavity 109. When a drop of blood is applied, it enters into
cavity 109 by capillary action, and an electrochemical blood
glucose reaction is performed as previously described. At the
same time, chylomicrons in the blood sample scatter the light
emitted by optical fiber end 1002. The roughly 1800 back­
scattered light enters optical fiber 1003 by optical fiber end
1004. This backscattered light 1005 exits optical fiber 1003, is
then analyzed by the external meter's photodetector, and is
typically converted by a program running on the external
meter's microprocessor into a clinically useful result indicat­
ing the extent oflipemia in the blood sample, using an equa­
tion such as equation I.

To test configuration 10, a simple experiment can be done
using a 2 kilohertz pulsed 850 flm LED fiber optic light source
(RIFOCS 252A, Rifocs corporation [now Tempo Research
Corporation], Camarillo, Calif.), a fiber optic power meter
(RIFOCS 575L), and a fiber optic jumper. The fiber optic
jumper is broken in the middle, the two fiber optic strands
exposed and placed I mm apart on a lO-mil thick plastic sheet
in a backscattering configuration (both fibers parallel with
each other and pointing in the same direction). The apparatus
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least one of the detection zones, and in which the chemical
sample application signal detection means changes its colo­
rimetric, fluorescent, light-scattering, nephelometric, turbidi­
metric or luminescent state upon contact with the liquid
sample.

7. The device ofclaim 1, in which the first analyte produces
an electrochemical signal, and in which the second analyte
produces a detectible change in an optical signal, said device
containing conducting electrodes to transmit the electro­
chemical signal, and one or more optical wave guides to
transmit the optical signal.

8. The device ofclaim 1, in which the first analyte produces
an electrochemical signal, and in which the second analyte
produces a detectible change in an optical signal, said device
containing conducting electrodes to transmit the electro­
chemical signal, and at least one optical wave guide to trans-
mit the optical signal, said optical wave guide consisting of
one or more optical fibers.

9. The device ofclaim 1, in which said first detection zone
is an electrochemical reaction zone, and the device contains at
least one electrode,

wherein said electrochemical reaction zone and electrode
are mounted on a transparent support;

said transparent support containing an optical viewing
window that enables optical measurements to be per­
formed on said whole blood sample,

and wherein said second analyte detection zone comprises
said optical viewing window.

10. The device ofclaim 1, in which said first detection zone
is an electrochemical reaction zone, and the device contains at
least one electrode,

wherein said electrochemical reaction zone and electrode
are mounted on a transparent support;

said transparent support containing an optical viewing
window that enables optical light scattering measure­
ments to be performed on said whole blood sample,

and wherein said second analyte detection zone comprises
said optical viewing window.

11. The device of claim 1, in which said optical signal is a
light scattering signal, and said light scattering signal is con­
verted to a clinically meaningful measurement oflipemia.

12. A system for determining the relative concentration of
a postprandial lipemia analyte from a single application of a
single sample ofwhole blood; said system comprising a dis­

45 posable test strip for receiving said sample of whole blood,
and an electronic meter;

said electronic meter having a microprocessor, micropro-
cessor program, visual display, illumination means
capable of illuminating said test strip with light with
wavelengths greater than about 650 llill, and photode­
tector means capable of detecting light returned from
said test strip;

said test strip containing optically transmissive materials,
said optically transmissive materials capable of transmit­

ting light from said light source to said sample ofwhole
blood, and returning scattered light from said sample of
whole blood to said photodetector;

said photodetector producing a scattered light signal that is
conveyed to said microprocessor;

said microprocessor program containing an algorithm that
converts said scattered light signal into a measurement
of a postprandial lipemia analyte concentration;

wherein said meter visual display displays said measure­
ment ofsaid postprandial lipemia analyte concentration.

13. The system of claim 12, in which said test strip has
materials and geometry are selected to enable the test strip to
fully function with a whole blood sample volume under 20 ul.

can be challenged with a drop of whole blood obtained from
a patient after a 12 hour fast, and with a drop ofwhole blood
obtained from a patient 3 hours after eating an extremely fatty
meal. The light scattering signal from the patients can then be
detected on the RIFOCS 575L power meter. Typically the
light scattering signal obtained from the blood of a fasting
patient, as detected by the RIFOCS power meter, will be
much less than the light scattering signal obtained from a
postprandiallipemic patient.

Still another alternate configuration utilizes evanescent 10

light. It is well known that light traveling through optical
fibers penetrates several hundred nanometers beyond the bor­
der of the fiber into the outside medium. If the surrounding
medium, which in this application will normally be whole
blood, does not absorb or scatter the evanescent light, then the 15

light will continue to travel through the fiber with undimin­
ished intensity. However if the surrounding medium contains
a high enough density of light scattering particles that come
within the several hundred nanometer evanescent zone sur­
rounding the optical fiber, then the intensity of light will be 20

diminished, and a higher amount oflight will leak out into the
surrounding medium. This scattered light may in turn be
captured by a nearby light pipe, and returned to the external
meter for subsequent photometric light scattering analysis.

What is claimed is:
1. A dry reagent diagnostic device for the simultaneous

analysis of two or more different analytes in a single appli­
cation ofa single sample ofwhole blood with a volume under
20ul,

wherein the first analyte is determined by a first detection 30

zone, and a second detection zone, physically separated
from the first detection zone, determines the second
analyte;

a fluid bridge formed by the applied sample connects the
two detection zones;

said first detection zone and second detection zone having
materials and geometry selected to allow simultaneous
activation of both zones by a single unseparated whole
blood drop;

said detection zone materials and geometry being selected 40

so as to return detectable analyte signals in the presence
ofwhole blood;

said detection zone materials and geometry being selected
as to generate a detectable sample application signal
upon initial contact with whole blood;

said detectable sample application signal being capable of
triggering an automated detection zone reader which is
capable ofperforming subsequent test timing in an auto­
mated marmer;

and at least one of the detection zones produces a detect- 50

able change in an optical signal.
2. The device ofclaim 1, in which the analytes are selected

from the group consisting of glucose, beta-hydroxybutyrate,
cholesterol, triglycerides, lipoproteins, and chylomicrons.

3. The device ofclaim 1, in which one detection zone is an 55

electrochemical reaction zone, and the reaction detected is an
electrochemical reaction, and the device contains at least one
electrode.

4. The device of claim 1, in which at least one of the
detection zones produces a detectable signal by an enzymatic 60

or immunochemical reaction.
5. The device of claim 1, in which said optical signal is

selected from the group consisting of colorimetric, fluores­
cent, light-scattering, nephelometric, turbidimetric, or lumi­
nescent signals.

6. The device of claim 1, in which a chemical sample
application signal detection means is incorporated into at
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14. The system ofclaim 12, in which the meter illuminates

the test strip with two or more different wavelengths oflight.
15. The system of claim 12, in which said postprandial

lipemia analyte is selected from the group consisting of trig­
lycerides, lipoproteins, chylomicrons, and low-density lipo­
proteins.

16. A method for determining the concentration of two or
more analytes in a single sample of whole blood with a
volume under 20 ul, comprising the steps of;

adding said blood sample to a dry reagent diagnostic device 10

in a single application, said dry reagent diagnostic
device containing at least two detection zones;

wherein a first analyte in said sample is determined by a
first detection zone, and a second detection zone, physi­
cally separated from the first detection zone, determines 15

a second analyte in said sample;
forming a fluid bridge with the applied blood sample to

connect all detection zones on said device;
said first detection zone and second detection zone having

detection zone materials and geometry being selected to 20

allow simultaneous activation of all zones by a single
unseparated whole blood drop;

said detection zone materials and geometry being selected
as to return detectable analyte signals in the presence of
whole blood;

and determining the concentration of at least one of said
analytes from at least one of said detection zones by a
detectable change in an optical signal.

17. The method of claim 16, in which at least one analyte
produces an electrochemical signal, and in which at least one
analyte produces a detectible change in an optical signal.

18. The method of claim 16, in which the dry reagent
diagnostic device contains conducting electrodes to transmit
an analyte produced change in an electrochemical signal, and
one or more optical wave guides to transmit an analyte pro­
duced change in an optical signal.

19. The method of claim 16, in which said detection zone
materials and geometry are selected as to generate a detect­
able sample application signal upon initial contact with whole
blood; said detectable sample application signal being
capable of triggering an automated detection zone reader
which is capable of performing subsequent test timing in an
automated manner.

20. The method ofclaim 16, in which said optical signal is
a light scattering signal, and said light scattering signal is
converted to a clinically meaningful measurement oflipemia.

* * * * *


