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1. A method for determining ¢ acose in a blood sample, employing a
porous matrix and a signal-produciny system that produces a
11ght-absorptive dye product, sald system bzing bound to the matrix, in
which the amount of sald dye product is quantitatively determined by means
of a reflectance measurement from a surface of sald matrix, characterized
by an improvement which comprises:

applyiung whole blood to a surface of said matriy, and making sald
measurement on & surface of satd matrix other than the surface to which
sald sampie {s applied,

whereln timing of the measurement is activated by detection of an
fnitial decrease in reflectatice of the surface of the matrix,

7. A methcd for determining glucose in a blood sample, comprising
the steps of!

applying a sample of whole blood to a reagent element, wherein said
reagent olement comprises a porous matrix to which is bound glucose
oxidase, peroyidase, and a dye indicator capable of forming a reaction
product;

aliowing the sample to penetrate sald matrix;

quantitatively determining reflectance by initizting timing of a
predetermineg timed reflectance measurement by detecting an initial

decreasa in reflectance of the surface of the matrix due to p’enetrat%oq 9f
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the sample through saﬂd matriy; and
determining the amount of glucose in said sample by the additional
<hange in reflectance resulting from absorbance by said dye product,
whereby said reflectance measurement is made on a surfaca of sald
matrix other than the surface to which sald sample is applied.

15. A measuring apparatus for the determination of an analyte in a
‘luid which comprises:
’ a contalner having a 1ight-tight closure adapted to Fémovaﬁly contain
a porous matrix capable of containing an absorbed fluid to be analyzed;

means for {lluminating a surface of said matrix;

maans for detecting 1ight of two different wavelengths reflected from
satd matrix;

control means for collecting measurements of reflected 1ight and
calculating a value for the amount of analyte in said fluid based on
measurements of analyte or reaction product absorbance from the first
wavelength of reflected Tight and of background absorbance from the second
wavelength of reflected 11ght; and

means for reporting said value,

wherein saild reflectance measurements are maae on ths surface of sald
matrix other than the surface to which said fluid is applied; and

wherein timing of the measurements is activated by detection of an
inittal decrease in reflectance of the surface of the matrix.
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ABSTRACT OF THE DISCLOSURE
A method for determining the presence of an

analyte in a fluid is described along with various
components of an apparatus specifically designed to
carry out the method. The method involves taking a
reflectance reading from one surface.of an inert poroug
matrix impregnated with a reagent that will interact
with the analyte to produce a light-absorbing reaction
product when the fluid being analyzea is applied to
another surface and migrates through the matrix to the
surface being read. Ra&flectance measurements are made
at two sepdarate wavelengths in order to eliminate
interferences, and a timing circuit is triggered by an
initial decrease in reflectance by the wetting of the
surface whose reflectance is being measured by the
fluid which passes through the inert matrix. The
method and apparatus are particularly suitaBle for the
measurement of glucose 1l#vels in blood without'
requiring separation of red blood cé¢lls from serum or
plasma. |
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232387/LSCN-2
MINIMUM PROCEDURE SYSTEM
FOR THE DETERMINATION OF ANALYTES

Field of the Invention

The present invention relates to a test
device and method for the colorimetric determination of
chemical and biochemical components (analytes) in
aqueous fluids, particularly whole blood. In one
preferred embodiment it concerns a test device and
metnod for colorimetrically measuring the concentration
of glucose in whole blood.

Background of thne Invention

The quantification of chemical and
biochemical components in colored aqueous fluids, in
particular colored biological fluids such as whole
blood and urine and biological fluid derivatives such
as blood serum and blood plasma; 1Is of ever—iﬁcveasing
importance. Important applications exist in medical
diagnosis and treatment and in the quantification of
exposure to therapeutic drugs, intoxicants, hazardous
chemicals and the like. 1In some instances, the amounts
of materials being determined are either so miniscule--
in the range of a microgram or less per deciliter--or
so difficult to precisely determine that the apparatus
employed is complicated and useful only to skilled
laboratory personnel. In this case the results are
generally not available for some hours or days after
sampling. In other instances, there is often an
emphasis on the ability of lay operators to perform the
test rqutinely, quickly and reproducibly outside a
laboratory setting with rapid or immediate information
display.

One common medical test is the measurement of
blood glucose levels by diabetics. Current teaching
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counsels diabetic patients to measure their blood
glucose level from two to seven times a «¢ay depending
on the nature and severity of their individual cases.
Based on the observed pattern in the measured glucose
levels the patient and pnysician together make
ad justments in diet, exercise and insulin intake to
better manage the disease. Clearly, this information
should be available to the patient immediately.

Surrently a method widely used in the United
States employs a test article of tne type described in
U.S. Patent 3,298,789 issued January 17, 1967 to
Mast., In this method a sample of fresn, whole blood
(typically 20-40 ul) is placed on an ethylcellulose-
¢oated reagent pad containing an enzyme system having
glucose oxidase and peroxidase activity. The enzyme
system reacgts with glucose and releases hydrogen

. peroxide. The pad also contains an indicator which

r¢acts with the hydrogen peroxide in the presence of
peroxidase to give a color proportional in intensity to
the sample's glucose *level.

Another popular blood glucose test method
employs similar chemistry but in place of the
ethylcellulose~-coated pad employs a water-resistant
“ilm through whicn the enzymes and indicator are
dispersed. This type of system is disclosed in United
States Patent 3,630,957 issued December 28, 1971 to Rey
et al.

In both cases the sample is allowed to remain
in contact with the reagent pad for a specified time
(typically one minute). Then in the first case the
blood sample ls washed off With a stream of water while
in the secdnd case it is wiped off the film. The
reagent pad or film {g then bLlotted dry and evaluated.
The evaluation is made either by comparing color
generated with a color chart or by placing the pad or
film in ~-iiffuse reflectance {nstrument to read a
coloq:intensity value.
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While the above metnods nhave beer used in
glucose monitoring for years, they do nave certain
limitations. The sample size required is rather large
for a finger stick test and is difficult to achieve for
some people whose capillary blood does not express
readily.

In addition, these methods share a limitation
with other simple lay-operator colorimetric determina-
tions in that their result is based on an abs>lute
color reading which is in turn related to the absolute
extent of reaction between the sample and the test
reagents. The fact that the sample must be washed or
wiped off the reagent pad after the timed reaction
interval requires that the user be ready at the end of
the timed interval and wipe or apply a wash stream at
the required time. The fact that the reaction is
stopped by removing the sample leads to some uncer-
tainty in the result, especially in the hands of %he
home user. Overwashing can give low results and under-
washing can give high results.

Another problem that often exists in simple
lay-operator colorimetric determinations is the neces-
sity for initiating a timing sequence when blood is
applied to a reagent pad. A user will typically have
conducted a finger stick to a obtain a blood sample and
will then be required to simultaneously apply the blood
from the finger to a reagent pad while initiating a
timing clchit with his or her other hand, thereby
requiring the use of both hands simultaneously. This
is particularly difficult since it is often necessary
to insure that the timing circuit f{s started only when
blood is applied to the reagent pad. All of the prior
art methods require additional manipulations or
additional circuitry to achieve this result. Accord-
ingly, simplification of this aspect of reflectance
reading instruments is desirable.
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The presence of red blood cells or other
colored components often interferes with tnhe measure-
ments of these absolute values thereby calling for
exclusion of red blood cells in these two prior methods
as they are most widely practiced. In the device of
patent 3,298,789 an ethyl cellulose membrane prevents
red blood cells from entering the reagent pad. Simi-
larly, the water-resistant film of patent 3,630,957
prevents red blood cells from entering. In both cases
the rinse or wipe also acts to remove these potentially
interfering red blood cells prior to measurement.

Accordingly, there remains a need for a
system of detecting analytes in colored liquids, such
as blood, that does not require removal of excess
liquid foom a reflectance strip from whicn a
reflectance reading is being obtained.

Summary of the Invention

Novel methods, compositions and apparatus are
provided for diagnostic assays comprising a hydrophilic
porous matrix containing a signal producing system and
a reflectance measuring apparatus which is activated
upon a change in reflectance of the matrix when fluid
penetrates the matrix. The method comprises adding the
sample, typically whole blood, to the matrix which
filters out large particles, such as red blood cells,
typically with the matrix present in the apparatus.

The signal-producing system produces a product which
further changes the reflectance of the matrix, which
change can be related to the presence of an analyste In
a sample.

Exemplary of the diagnostic assay system is
the determinatign of glucose in the whole blood, where
the determinatioén is made without interference from the
blood and without a complicated protocol subject to use
error.

o
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According to a first embodiment of this invention there is provided a
method for determining glucose in a blood sample, employing a porous matrix
and a signal-producing system that produces a light-absorptive dye product,
said system being bound to the matrix, in which the amount of said dye

5 product is determined by the quantitative determination of reflectance by ‘
means of a reflectance reading from a surface of said matrix, an
improvement which comprises:

applying whole blood to a surface of said matrix, and making said

reading on a surface of said matrix other than the surface to which said
10  sample is appiied,

wherein timing of the reading is activated by detection of an initial
decrease in reflectance of the matrix.

According to a second embodiment of this invention there is provided
a method for determining glucose in a blood sample, comprising the steps of:

5 applying whole blood sample to a reagent element, wherein said

dire reagent element comprises a porous matrix to which is bound glucose

?‘fCL oxidase, peroxidase, and a dye indicator capable of forming a reaction
product;

3llowing the sample to penetrate said matrix;

20 quantitatively determining reflectance by initiating timing of a

ctes

“seed’  predetermined timed reflectance reading by detecting an initial decrease in
i+t reflectance of the surface of the matrix due to penetration of the sample
through said matrix; and
determining the amount of glucose in said sample by the additional
25 change in reflectance resulting from absorbance by said dye product,
. whereby saild reading 1s made on a surface of sald matrix other than
'«':c  the surface to which said sample is applied.
According to a third embodiment of this invention there is provided a
mehod according to any one of claims 1 to 10 wherein the quantitative
30 determination of reflectance 1s made by means of diffuse reflectance
spectrophotometry.
According to a fourth embodiment of this invention there 1s provided
a measuring apparatus for the determination of an analyte in a liquid,
which comprises:
35 a contalner having a light-tight closure adapted to removably contain
a porous matrix capable of containing an absorbed 1iquid to be analyzed:
means for 11luminating a surface of sald matrix;
means for detecting light of two different wavelengths reflected from
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said matrix;
control means for collecting readings of reflected 1ight and
calculating a value for the amount of analyte in said liquid based on
readirgs of analyte or reaction product abscrbance from the first
5 w2velength of reflected 1ight and of background absorbance from the second
wavelength of reflected light; and
means for reporting said value,
wherein said reflectance readings are made on a surface of said
matrix other than the surface to which said 1iquid is applied; and
10 wherein timing of the readings is activated hy detection of an
initial decrease in reflectance of the surface of the matrix.
According to a fifth embodiment of this invention there is provided a
method of determining analyte concentration in a liquid, which comprises:
. quantitatively measuring base reflectance from a first surface of a
j:fs reagent element comprising an inert porous matrix and a reagunt system
viedd capable of interacting with said analyte to produce a light-absorbing
E “ees reaction product, said reagent system being impregnated in the pores of
satd matrix, prior to application of sald 1iquid to saild reagent element;
quantitatively measuring reaction reflectance from said reagent
20 element after application of said 1iquid to a second surface of said
‘eeer®  reagent element other than the first surface from which said reaction
A reflectance 1s measured and after said 1iquid has migrated through said
reagent element from said second surface to sald first surface;
Yot quantitatively measuring interference reflectance from said first
25 surface of sald reagent element after said application of liquid using a
wavelength of 1ight different from the wavelength of 1ight used to measure
sald reaction reflectance; and
caiculating a value expressing sald concentration from said
reflectance measurements,

L oucasing it calihi

30 wherein timing of the reflectance measurements is activated by
detection of an inftial decrease in reflectance of the surface of the
matrix.
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Brief Description of the Drawings

| The present invehtion can be more teadily
understood by reference to the following detailed
description when read in conjunction with the attached
drawings, wherelin:

Figure 1 is a perspective view of one
embodiment of a test devic¢e containing the reaction pad
to which the fluid being analyzed is applied,

 Figure 2 is a block diagram schematic of an
apparatus that can be employed in the practice of the
invention, | |

Figure 3 is a block diagram schematio of an
alternate apparatus that can be employed in the
practice of tnez invention. ‘

Detailed Descripkion of the Inventton

The Reagent Element

The subject invention pvovidea an iwproved
rapld and simple methodology employing reliable and
easy to operate apparatus for the determination of
analytes sucn as glucose, particularly involving an
enzyme substrata which results in the production of
hydrogen peroxide as an enzyme product., The method
involves applying to a porous matrix a small volume of
whole blood, suffioient to saturate the mabvix. Bound
to the matrix are one or more reagents of a signal
producing system, which results in the production of a
produdt resulting an inib;al change in the amount of

reflectance of the matrix, The matrix is typically
‘present in a reflectance-~measuring appsaratus when blood

is applied. The liquid sample penetrates the mateix,
resulting In an {nitial change in reflectance at the
measurement surface. A reading is than taken at one or
more times after the fnitial change in reflectance to
relate the further change ln reflectance at the
measurement surface or {n the matrix as a result of
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formation of the reaction product to the amount of
analyté in the sample.
‘ For measurements in blood, particularly
glucose measurements, whole blood is typically used as
the assay medium. The matrix contains an oxidase
énzyme which produces hydrogen peroxide. Also
contained in the matrix will be a second enzyme,
particularly a peroxidase, and a dye system which
produces a lignt-absorbi..g product in conjunction with
the peroxidase. The light-absorbing product changes
the reflectance signal. With whole blood,
readings are taken at two different wavelengths with
the reading at one wavelength used to subiract Qut‘
background interference caused by hematocrit, blood
oxygenation, and other variables which may affect the
result. ‘ ‘

A reagent element is employed which‘comprises
the matrix and the members of the signal producing
system contained within the matrix. The reagant
element may {nclude other components for particular
applications. The method requires applying a small
volume of blood, which typically has not been subject
to prior treatment (otner than optional treatment with
an anticoagulant), to the matrix., Timing of the
measurement is activated by the apparatus automatically
detecting-a change in refledtance of the matrix when

fluid penetrates the matrix. The change in reflectance

over a predetermined tite period as a result of

‘formation of reaction product is then related to the

amount of analyte in a sample.
| The flrst component of the present invention

- to be considered is a reagent element, conveniently in

the shape of a pad, comprising an }nevt porous matrix
and the component or components of a signal=~producing
system, which system is capable of reacting with an

analyte to produce a light-absorbing reaction product,
{mpregnated into the pores of the porous matrix. The
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signal-producing system does nct significantly impede
the flow of liquid through the matrix. ,

In order to assist in reading "-.Lectance, it
is preferred that the matrix have at least one side
which is substantially smooth and flat. Typically, the
matrix will be formed into a thin sheet with at least
one smooth, flat side. In use, the liquid sample being
analyzed 1s applied to one side of tnhe snheet whereby '
any assa} compound present passes through the reagent
element by means of capillary, wicking, gravity flow
and/or diffusion actions. The components of the signal
producing system.pveseht in the matrix will react to
give a light absorbing reaction product. 1Incident
light impinges upon the reagent element at a location
other than the location to which the sample is
applied. Light is reflected from the surface of the
element as diffuse reflected light. This diffuse light
is collected and measured, for example by the detector
of a reflectance spectrophotometer. The amount of
reflected light will be related to the amount of
analyte in the sample, usually being an inverse
function of the amount of analyte in the sample.

The Matprix

Each of the components necessary for
prodUCihg the reagent element will be desceribed in
turn. The first componentnaé Pe matrix ltself.

The matrix will bqaa Kydrophilio porous
matrix to which reagents may be covalently or non-
covalently bound. The matrix will allow for the flow
of an aqueous medium through the matrix., It will also
allow for binding of protein compositions to the matrelx
without significantly adversely affeating the
biologlical activity of the protein, ¢.g., enzymatic
activity of an enzyme. To the extant that proteins are

to be covalently bound, the matrix will have active
sitey for covalent bonding or may be activated by means
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known to the art. The composition of the matrix will
be reflective and will be of sufficient thickness to
permit the formation of a light-absorbing dye in the
void volume or on the surface to substantially affect
the reflectance from the mateix. The matrix may be of
a uniform compoéition or'a coating on a substrate
providing the necessary stricture and physical
properties.

The matrix will usuwally not deform on
wetting, thus retaining its original conformation and
size, The matrix will have a defined absorbtivity, so
that the volume which is absorbed can be calibrated
within reasonable limits, variations usually being
maintained below about 50%; preferably not greater than
10%. The matrix will have sufficient wet strength to
allow for routine manufacture, The matrix will permit
non-covalently bound reagents to be relatively
uniformly distributed on the surface of the matrix.

As exemplary of matrix surfaces are
polyamides, particularly with samples involving whole
blood. The polyamides are gonvenlienily ¢=. '~nsation

polymers of monomers of from 4 to & o4. © . where
the mondners are lactams or ¢qubinativ..  dis »y
and di-carboxylic acids. Othgr poiymegis o - hiong

having comparable propertiss may alsy fing w&s, Yhe
polyamide compositions may be modified 2o tntroduce
other funcotional groups which provide for chargeud
structures, g0 that the surfaces af the matwrix may he
neutral, positive or negative, ns well ug nautral,
basla or acidic. Prefgrred surfaces are pasiiively
¢harged.
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When usad with whole blood, the porous matrix
preférably has pores with an average diameter in the
range of from about 0.1 to 2.0 um, more preferrably
from about 0.6 to 1.0 um.

A preferred manner of preparing the porous
material is to cast the hydrophilic polymer onto a core
of non-woven fibers. The core fibers can be any
fibrous material that produce the described integrity
and strength, such as polyesters and polyamides. The
reagent that will form the light-absorbing reaction
product, which is discussed later in detail, is present
within the pores of the matrix but does nof block the
matrix so that the liquid portion of the assay medium,
e.g. blood, being analyzed can flow through the pores
of the matrix, while particles, such as ervthrocytes,
are held at the surface.

The matrix is substantially reflective so
that it gives a diffuse reflectance without the use of
a refléeqtive nacking. Preferably at leaxt 25}, more
preferably at least 50%, of the incident lignht applied
to the matrix is reflected and emitted as diffuse
reflectance. A matrix of less than about 0.5mm
thickness is usually employed, with from about 0.01 to
0.3mm being prefeéerred. A thickness of from 0.1 to
9.2mm 1is most preferred, particularly for a nylon
matrix.

Typlcally, thne matrix will be attached to a
holder in order to give it physical form and rigidity,
although this may not be necessary. Figure 1 shgwsa one
embodiment of the invention in which a thin hydrophilic
matrix pad 11 (s positioned at one end of a plastic
holder 12 by means of an adhesive 13 wnic¢h directly and
firmly attaches the reagent pad to the handle. A haole
14 ls present in the plastic hclder 12 {n the area to
which reagent pad 11 is attached so that sample can bLe
applied to one side of the reagent pad and light
reflected from the other side.
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A liquid -sample to‘be tested is applied to
pad 11. Generally, with blood being exemplary of a
sample being tested, the reagent pad will be on tne
order of about 1Omm2 to 100mm2 in surface aren,
especially 10mm2 to 50mm2 in area, which is normally a
volume that 5-10 microliters of sample will more than
saturate.

Diffuse reflectance measurements in tne prior
art have typically been taken using a reflective
backing attached to or f;laced behina the matrix. No
such backing is needed or will normally be present
during the practice of the present invention, either as
part of the reagent element or the reflectance
apparatus.

‘ &s can be seen from Figure 1, the support
holds reagent pad 11 so that a sample can be applied to
one side of the reagent pad while light reflectance is
measured from the side of the reagent pad opposite the
location where sample is applied.

Figure 2 shows a system in which the reagent
13 applied to the side with the hole in the backing
handle while light is reflected and measured on the
other side of the reagent pad., Other structures than
the one depicted may be employed. The pad may take
various shapes and forms, subject to the limitations
provided herein. The pad will be accessible on at
least one surface and usually two surfaces,

The hydrophilic layer (reagent element) may
be atached to the support by any convenlient means,
e.8s é\holden\ clamp or adhesives; however, in the
preferred methtd it is bonded to the backing. The
boﬁding can be done with any non-reactive adhesive, by
a thermal method in which the baciking surface is melted
enough to entrap some of the material used for the
hydrophilic layer, or by microwave or ultrasonic

bonding methods which likewise fuse the hydrophilic
sample pads to the backing. It is {wmportant that the
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bonding be such as to not itself interfsra
substantially with the diffuse reflectance measurements
or the reacticna being measured, although tnis is
uniikely to occur as no adheuive need be present at the
location where the reading is taker. For example, an
adhesive 13 can be applied to the backing étrip 12
followed first by punching nole 1% into the combined
strip and adhesive and then applying reagent pad 11 to
the adhesive in the vicinity of hole 14 so that the
peripheral portion of the reagent pad attaches to the
backing strip.

The Chemical Reagents

Any signal producing system may be employed
that is capable of reacting with the analyte in the
sample to produce (¢ “her directly or indirectly) a
compound that is chardcueristically absorptive at a
wavelength other than a wavelength at which the assay
medium substantially absorbyg.

Polyamide matrices'are particularly useful
for carrying out reactions. in which a substrate
(analyte) reacts with an oxygen-utilizing oxidase
enzyme in such a mann«? that a product is produced that
further reacts with a dye intermediate to either
directly or indirectly form a dye which absorbs in a
predetermined wavelength range. For example, an

. oxidase enzyme can oxidize a substrate ansi produce

hydrogen peroxide as a rea¢tion produet. The hydrogen
peroxide can then react with & dye intermediate or
precursor, in A catalysed or iincatalysed reaction, to
produce an oxidized form of the intermediate or
precursor. -This oxidized material may produce the

=
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cclored product ar react with a second precursor to

form the final dye.

Nonlimitiag e¥zmnles of analyses and typical

reagents include the following materials shown in the

following list.

Analyte and Sample Type

Glucose in blood, serum,
urine or other biological
fluids, wine, fruit juices
or other colored aqueous
fluids. Whole blood is a
particularly preferred
sample tycre.

Reagents

Glucose Oxidase, Peroxi-
dase and an Oxygen
Acceptor

Oxygen Acceptors include:
O-dianisidine (1)
O-toluidine

15 O-tolidine (1)
Benzidine (1)
R 2,2'~Azinodi-(3-ethylbenz-~-
Ty . thiazoline sulphonic
e acid-(6)) (1)
" loee 20 3—Methyl~2—ben20£hiazoli—
W4 none hydrazone plus N,N~
dimethylaniline (1)
Phenol plus Y-aminophena-
, zone (1)
Cese 25 Sulfonated 2,4-dichioro-
e phenol plus 4-amino-
o phenazone (2)
! ' 3-Methyl-2-benzothiazoll-
néne nydazone plug 3-
30 (dimethylamino)benzoic
acid (3)
2-Methoxy-4-allyl plenol
(4)
4-Am{inocantipyrine-

35 . dimethylaniline (5)
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(1) As reportéd Clinical Chemistry, Richterich and
Columbo, p. 367 and references cited therein.
5 (2) Analyst, 97, (1972) 142-5.
(3) Anal. Biochem., 105, (1980) 389-397.
(4) Anal. Biochem., 79, (1977) $97-6071.
(5) Clinica Chemica Acta, 75, (19Y7) 387-391 all
incorporated herein by reference.

10
The Analysis Method

The analysis method of this invention relies
on & change in absorbance, as measured by diffuse

reflectance, which is dependent upon the amount of

15 analyte present in a sample being testedf This change
may be determined by measuring the change in the
absorbance of the test sample between two or mare

oot points in time.

itf:‘ The first step of the assay to be considered
§'H¢: 20 will be application of the sample to the matrix. In
;.f‘, practice, an analysis could be carried out as follows:

First a sample of aqueous fluid containing an analyte
is obtained. Blood may be obtained by a finger stick,
for example. = An excess over matrix saturation in the
e o5 area where reflectance will be measured (i.e., about 5-
L e 10 microliters) of this fluid is applied to the reagent
element or elements of the test device. Simultaneous
starting'of a timer is not required (as is commonly
required in the prior art), as will become clear
30 below. Excess fluid can be removed, such as by light
blotting, but such removal is also not required. The
test device is typically mounted in an instrument for
reading light absorbance; e.g., color intensity, by
reflectance, prior to application of the sample.
535 Absorbance is meastyred at certaln points in time after
application of the sample. Absorbance refers in tais
application not only to light within the visual

wavelength range but also outside the visual wavelength
range, such as infrared and ultraviolet radiatfon.

5
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From thesé measurements of absorbance a rate of color
development can be calibrated in terms of analyte
level.

The Measuring Instrument

A suitagble instrument, such as a diffuse
reflectance spectrophotometer with appropriate
software, can bz made to automatically read reflectance
at certain points in time, calculate rate of
reflectance change, and, using calibration factors,
oufput the level of analyte in the aqueous fluid. Such
a device is schematically shown in Figure 2 wheréin a
test device of the invention comprising backing 12 to
which reagent pad 11 is &affixed is shown. Light source
5, for example a high intensity light emitting diode
(LED) projects a beam of light onto the reagent pad. A
substantial portion (at least 25%, preferably at least
35%, and more preferally at least 50%, in the absence
o4 reaétion product) of this light is diffusively
aflected from the reagent pad and is detected by light
detector 6, for example a phototransistor that produces
an output current proportional to the light it

reives. Light source 5 and/or detector 6 can be
adapted to generate or respond to a particular
wavelength light, if desired. The output of detector 6
is passed to amplifier 7, for example, a linear
integrated circuit which converts the phototransistor
current to a voltage. The output of amplifier 7 can be
fed to track and hold circuit 8. This is a combination
linear/digital integrated circuit which tracks or
follows the analocs voltage from amplifier 7 and, upon

eommzdd from microprocessor 20, locks or holds the

volb@ge at its level at that time. Analog-to-digital
converter 1Y takes the analog voltage from track and
hold ¢ircuit 8 and converts it to, for example, a

twelve-bit binary digital number upon command of
microprocessor 20. Microprocessor 20 can be a digital

\ e
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integrated circuit. It serves the following control
functions: 1) timing for the entire system; 2) reading
of the output of analog/digital converter 19; 3)

'together with.progbam,and data memory 21, storing data
- corresponding to the reflectance measured at specified

time'intervals; Y4) calculating analyte levels from the
stored reflectances; and 5) outputing analyte concen-
tration data to display 22. Memory 21 can be a digital
integrated circuit which stores data and the micro-
proceséor.operating program. Reporting device 22 can
také various hard copy and soft copy forms. Usually it
is a visual display, such as a liquid crysﬁal or LED
display, but it can also be a tape printer, audible

.Signal, or the like. The instrument also can include a

start-stop switch and can provide an audible or visible
time output to indicate times for applying samples, .
taking readings, etc., if desired.

Rellectance Switching _ _

In thé present invention, the reflectance
circuit itself can be used to initiate timing by
measuring a drop in reflectance that occurs when the
aqueous portion of the suspension solution applied to
the reagent pad (e.g., blood) migrates to the surface
at which reflectance is being measured. Typically, the
measuring device is turned on in a "ready" mode, in
which reflectance readings are automatically made at
closely spaced intervals (typically about 0.2 seconds)

' from the Lyplcally off-white, substantially dry,

unreacted reagent strip. The initial measurement is
typically made prior to penetration of the matrix by
fluld being analyzed but can be made after the fluid
has been applied_to a location on the reagent element

‘other than where reflectance is being measured. The
‘reflectance value is evaluated by the microprocessor,

typleally by storing successive values in memory and
then comparing each value with the initial unreacted
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value. When the aqueous solution penetrates the
reagent matrix, the drop in reflectance signals thne
start of the measuring time interval. Drops in
reflectance of 5-50% can be used to initiate timing,
typically a drop of about 10%. In this simple way
there is exact synchronization of assay medium reaching
the surface from wnich measurements are taken and
initiation of the sequence of readings, with no
requirement of activity by the user.

Although the total systems described in this
application are particularly directed to the use of
polyamide matrices and particularly to the use of such
matrices in determining the concentration of various
sugars, such as glucose, and otner materials of
biological origin, there is no need to limit the
reflectance switching asapect of the invention to such
matrices, For example, the matrix 1sed with
reflectance switcning may be formed from any water-
insoluble hydrophilic material and any other type of
reflectance assay.

E]
Particular Application to Glucose Assay

A particular example with regard to detecting
glucose in the presence of r d blood cells will now be
given in order that greater detail and particular
advantage can be pointed out. Although this represents
a preferred embodiment of the present invention, the
invention is not limited to the detection of glucose in
blood.

The use of polyamide surfaces to form the

‘reagent element provides a number of desirable charac-

teristics in the present invention. These are that the
reagent element is hydrophilic (i.e., takes up reagent
and sample readily), does not deform on wetting (so as
to provide a flat surface for reflectance reading), is

compatible with enzymes (in order to impart good shelf
stability), takes up a limited sample volume per unit
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volume of membrane (necessary in order to demonstrate
an extended dynamic range of measurements), and shows
sufficient wet strength to allow for routine
manufacture. o

In a typical configuration, the method is
carried out using an apparatus consisting of a plastic
holder and the reagent element (the matrix having the
signal producing system impregnated therein). The
preferred matrix for use in preparing the reagent
element is a nylon microfiltration membrane,
particularly membranes made from nylon-66 cast on a
core of non-woven polyester fibers. Numerous nylon
microfiltration membranes of this class are produced
commercially by the Pall Ultrafine Filtration
Corporation having average pore sizes from 0.1 to 3.0
microhs. These materials show mechanical strength and
flexibility, dimensional stability upon exposure to
water, and rapid wetting. '

Many variations in specific chemical
structure of the nylon are possible. These include
unfunctionalized nylon-66 with charged end groups (sold
under the trademark Ultipore by Pall Ultrafine
Filtration Corporation; "Pall"). Positive charges
predominate below pH 6 while negative charges

. predominate above pH 6. In other membranes the nylon

is functionalized before the membrane is formed to give
membranes with different properties. Nylons
functionalized with carboxy groups are negatively
charged over a wide pH range (sold as Carboxydyne by
Pall). Nylons can also be functionalized with a high
densiﬁy of positively charged groups on its surface,
typically quaternary amine groups, so that they display
little variation in charge over a wide pH range (sold
as Posidyne by Pall). Such materials are particularly
well suited for the practice of the present invention.

It is also possible to use membranes having reactive
functional groups designed for covalent immobilization
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of proteins (sold as Biodyne Immuno Affinity membranes
by Pall). Such materials can be used to covalently
attach prote -z, e.g. enzymes, used as reagents.
Altltough all of these materials are usable, nylon
having a hign density of positively charged groups on
its surface provide the best stability of reagents when
formulated into a dry reagent pad. Unfunctionalized
nylon gives thne next best stability witn the
carboxylated nylons next best.

Desirabiy results can be obtained with pore
sizes ranging from about 0,2-2.0)m, preferably about
0.5-1.2)m, and most preferably'about 0.8)m, when used
with whole blood.

The form of the handle on which the reagent
element {s assembled is relatively unimportant as long
as the handle allows access to one side of the reagent
element by sample and to the other side of the reagent
element by incident light whose reflectance is being
measured. The handle also aids in inserting the
reagept élement into the absorbante measuring device so
that it registers with the optical system. One example
of a sultable handle i{s a mylar or other plastic strip
to which a transfer adhesive such as 3M U465 or Y9450
transfer adhesive has been applied. A hole is punched
into the plastic through the transf¢r adhesive. A
reagent element, typlcally in the form of a thin pad,
elther containing reagents or to which reagents will
later be added, is then applied to the handle by méans
of the transfer adhesive so that {t is firmly attached
to the handle in the area surrounding the hole that has
been punched through the handle and the transfer
adhesive. Such a device 1is illustrated in Figure 1,
which shows reagent pad 11 attached to a Mylar handle
12 by means of adhesive 13. Hole 14 allows acaess af
the sample or incident light to one side of reagent pad

11 while access to 'the other side of the reagent pad (s
unrestricted. All dimensions of the reagent pad and
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handle can be selected so that the reagent pad fits
securely into a reflectance-readinz instrument in
proximal locatign to a light source and a reflected-
light detector.

If a nylon matrix is selected to form the
reagent pad, when the indicated thicknesses are
employed, It is preferred to have the reagent pad
supported by the nolder in such a manner that no more
than 6mm, measured in any direction, is unsupported by
the holder at the location were the sample i{s applied
and light reflectance is measured. Larger unsupported
areas tend to provide inadequate dimensional stability
to the membrane so that measurement of reflectance from
the surface i3 adversely affected. A 5mm diameter hole
14 in the reagent strip shown in Figuve 1 works quite
satisfactorily.

There i{s no particular limit on the minimum
diameter of such a hole, although diameters of at leagst
2mm are preferred for gase of manufacture, sample
application, and light reflectance reading.

Although a number of dyes could be used as
indicators, the cholce wil}! depend upon the nature of
the sample, It 1s necessiry to select a dye having an
absqgrbance at a wavelength different from the
wavelangth at which red blood cells absorb light, with
whole blood as the assay medium, or other contaminants
in the solution being analyzed with other assay
media. The MBTH-DMAB dye couple (3-methyl-2-
benzothiazolinone hydrazone hydrochloride and 3-
dimethylaminobenzoic acid), although being previously
described as suitable for color development for
peroxidase labels in enzyme Immunoassays, has never
been used {n a commercial glucose measuring reagent.
This dye couple gives greater dynamic range and shows
improved enzymatic stabllity as compared to traditional

dyes\used for glucose measurement, such as benzidine
derivatives. Furthermore, the MBTH~DMAB dye couple 1is

I
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not carcinogenic, a characteristic of most benzidine
derivatives. .

Another dye couple that can be used in the
measuranient of glucose is the AAP-CTA (4-aminoanti-
pyrene and chromotropic acid) couple. Although this
couple does not provide as broad a dynamic range as
MBTH-DMAB, it is stable and suitable for use in tne
practice of the present invention when measuring
glucose. Again, the AAP-CTA dye couple provides an
expanded dynamic range and greater enzymatic activity
stability than the more widely used benzidine dyes.

The use of the MBTH-DMAB couple allows for
correction of hematocrit and degree of oxygenation of
blood with a single correction factor. The more
typically used benzidine dyes do not permit such a
correction, The dye forms a chromophore that absorbs
at approximately 635nm but not to any significant
extent at 706am. Slight variations in measuring
wavelengths (: about 10nm) are permitted. At 700nm
both hematecrit and degree of oxygenation can be
measured by mazasuring blood color. . Furthermore, light
emitting diodes (LED) are commercially available fop
both 635nm and 700nm measurements, thereby simplifying
mass-produaction <f* a device. By using the preferred
membrane pore size described above and the subject
reagent formulation both hematocrit and oxygenation
behavior ocan be corrected by measuring at the single
T700nm wavelength.

Two additional cenditions were found to
provide particular stability and long shelf life for a
gluaose oxldase/peroxidase formulation on a polyamide
matrix. These use a pH In the range of 3.8 to 5.0,
préeferably about 3.8 to 4.3, mosc¢ preferably about 4.0,
and use of a cornaentrated buffer system for applying
the reagents to the matrix. The most effective buffer
was found to be 10 waight perdent citrate buffer, wlth
concentrations of from 5-15% being effeative These are

(_}
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weight/velume percentages of the solution in which the
reagents are applied to the matrix. Other buffers can
be used on the same molat.basls. Greatest stabllity
was achieved using a low pH, preferably about pH 4, an
MBTH-DMAB dye system, and a nigh enzyme concentration
of approximately 500-1000 U/ml of application solution.

In preparing the MBTH-DMAB reagent and the
enzyme system that forms the remainder of the signal
producing system, it is not necessary to maintaln exact
volumes apd ratios although the suggested values below
give good results.. Reagents are readily absorbed by
the matrix pad when the glucose oxidase is presant in a
solution at about 27-54% by volume, the peroxidase 1is
pvesént at a concentration of about 2.7-5.4mg/ml, MBTH
ls present at a concentration of about 4-8mg/ml, and
DMAB 1is present at a concentration of about 8-
iémg/ml, The DMAB-MBTH weight ratio 1is preferably
maintained in the range of (1-4):1, preferably about
(1.5-2.5):1, most preferably about 2:1,

The basioc manufacturing teohhiques faor the
reagent element &dre, once established, straightforward.
The membrane itself ls strong and stable, particularly
when a nylon membrane of the preferred embodiment is
selected. Only two solutions are necessary for
applying reagent, and these solutions are both readily
formulated and stable. The first generally contains
the dye components and the second generally contains
the enzymes, When using the MBTH-DMAB dye couple, for
example, the individual dyes are dissolved in an
aqueous organic solvent, typically a 1¢1 mixture of
acetonitrile and water. The mateix 1is dipped into the
solutlon, excess liquid ls removed by blotting, and the
matrlix 1s then dried, typleally at 50-60]C for 10-20
minutes. The matrly containing the dyes is then dipped
into an aqueous s¢lution contalning the enzymes. A
typlcal formulation wihuld contaln the peroxidase and
glucose oxldase enzymes as well as any dasired buffer,
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preservative, stabilizer, or the like. The matrix is
then blotted to remove 4xcess liquid and dried as
before. A tynical formulation for the glucose reagent
is as follows:

Dye dip

Combine:
40 mg MBTH,
80 mg DMAB,
5 ml acetonitrile, and
5 ml water.
Stir until all solids are dissolved and pour onto a
glass plate or other flat surface, Dip a piece of
‘asidyne membrane (Pall Co.), blot oft excess iiquid,
and dry at 56]C for 15 minutes.
Enzyme dip
Combine:
6 ml water,
10 mg EDTA, disodium salt,
200 mg Poly Pep, low viscosity, <Sigma’
0.668 g sodium citrate,
0.523 g cltric acid,
2,0 ml 6 wt% Gantrez AN-139 dissolved in water <CAF~’
30 mg horseradish peroxidase; 100 units/mg, and
3.0 ml glucose oxidase, 2000 units/ml.
Stir until all solids are dissolved and pour onto a
glass plate or other flat surface., Dip a plece of

- membrane previously impregnated with dyes, blot off

excess liquid, and dry at 56]C for 15 minutes.

The electronlc apparatus used to make the
reflectance readings minimally contains a light source,
a reflected light detector, an amplifier, an analog to
digital converter, a mlcroprocuyssor with memory and
program, and a di{splay device.

The iight source typlcally consists of a
light emitting dlode (LED), Although it ls possible to

use a polychromic light source and a light detector
capable of measuring at two different wavelengths, a

1
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preferred apparatua +-dld contain two LED sources or a single diode capable

of emitting two distinct wavalengths of 1igit wherein, preferably, the

First wavelength of Tight 1s from 690 to 710nm and the =econd wavelength of

light 1s from 625 to 645nm.
Commercially available LEDs producing the wavelengths of l‘ght

| described as being preferred in the present specification include a Hewlett

Packard HLMP-1340 with an emission maxtmum at 635nm and a Hewlett Packard

 QEMT-1045 with a narrow-band emission maximum at 700nm. Suitablc

commercially available 11ght detectors include a Hammamatsu 5874-18K and a
Litronix bPX-65.

Although other methods of taking measurements are feastble the
following method has provided the desired results. Readings are taken by
the phcto-detectcr at specified intervals after timing ts initiated, The
635nm LED is powered only during a brief measuring time span that begins
approximately 20 seconds after the start time as indicated by reflectance
switching. If this reading indicates that a high level of glucose 1s

present in the sample, a 30-second reading is taken and used in the final

calculation in order to improve accuracy. Typically, high levels are

considered to begin at abodt 250 mg/d1. The background s corrected with a

700nm rearing taken about 15 seconds after the start of the measurement

period., The reading from_the_photodetector'1s integrated over the interval oy
while the appropriate LED is activated, which is typically less than one '
second. The raw reflectance readings are then used for calculations

performed vy the microprucessor after the signal has bean amplified and

converted to a nigital stgnal. Numerous microprocessors fan be used to

carry out the calculation. An AIM6S single-board microcomputer

manufactured Ly Rockwell International has proven to be satisiactory,
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The present methods and apparatueggkallow a

very simple procedure with minimum ooenatlonal steps ‘on

the part of the user. In use,

placed 'in the detector so that tne hole in thé'strip
registers with the optics of the detecting system. A

the reagent stvlp is

; bemovable’cap or other cover is;“\acéd over tne optics
and strip to shield the assemb’

~om ambjent light.

The measurement sequence is then”iﬁitiated oy pressing
a button on the measuring apparatus. that activates the
microcomputer to take a measurement of reflected lignht
from the unreacted reagent pad, called an Rdry reading.
The cap. is tnen removed and a drop of blood is applied
to the reagent pad, typically while the reagent pad is
“Lgistered witn the optics and the reading device. It

'is preferred that the reagent strip be left in'reéister

The

instrument is capable of sensing'the application of

blood or other sample by a decrease in the reflectance

when the sample passes through the matrix and reflected

light 1s measured on the opposite side. The decreass

in reflectance initiates a timing sequence which is ¢ f

described in detaill at otner locations in this

specification. The cover snould be raplaced within 15

seconds of sample application, although this time may

vary depending on the type of sample being measured.

Results are typically displayed at approximately 30

seconds after blodd application when a blood glucose

sample 15 being méasured, although a 20 second reaction®

is permissible for glucose samples having a :

concentration of glicose of less than 250mg/dl. If . 3

other samples 3re being measured, suitable times for

displaying tne result may differ and can be readily

determined from the characteristics of the |

reagent/sample selected. “ : f
» A particuiarly al cuvate/evaluation of glucose

level (or any otheﬁ\analjte being’measuved) can be made

using the background cucrent, {. e the current from . /f

/i

with the optics in order to minimize handling.

e
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T ) \*ne photodetector with power on but thh no light
' ﬁ;w‘,cted from the reagent pam. in order to make a

_ back@ronnd oorrection It has" :been demonst"ated tnat
\ \ﬁ : over a 2 -3 month period that this value does not change
S o > for a partié lar instrument prepared according to tne
preferred embodiments of tais speciflcation. and it is
Qyoasible to prugram this background reading into the
%Nmputer memory'as a constant. With a slight
modification of the procedure, however, this value can
be measured with each analysis for more accurate
results. In the modified procedure the meter would be
@ f' “turned on with the lid closed before the reagent strip
- 8 is in place, and the bzeckground current would be
measured. The test strip would then be inserted into

10

,th¢ meter with the cover closed, an Rdry measurement
taken, and the procedure coittinued as described
above. With this modified procedure the background
: ) ~current does not need to be stable throughout the-life
; “rw N of the meter, thereby providing more accurate'resuits.
' 20 ' The raw data necessary for calculating a
result in a glucose assay are a background current
| 7:reported as background reflectance, R., as described
L _ above; a reading of the unreacted test strip. Rdry'
:gfzt also described above; and an endpoint.measurement,
Using the preferred emhgdiments described herein, the
endpoint is not particularly stable and must be
precisely timed from the initiH abplication of
blood. However, the meter as uescribed herein performs
31‘”f ' this timing automatically. For glucose concentrations
f cored below 250mg/dl, a suitably stable endpoint is reached
j , in 20 segonds, and a final reflectance, Rpg, 1is
Q;e\ /f “%_taken. For glucose concentrations up to 450mg/dl, a
;y / }0 second reflectance reading, R0+ is adequate.
[/r ; /igﬂ*”Although the system described herein di{splays good
5// differentiation up to 800mg/dl of glucose, the
~ measurement ie\somewhat noisy and inaccurate above :
//fy o “50mg/d1._afthoﬁgh not)sc”)*eat as to cause a: f ?
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significant problem. Longear réaction times should

provide more suitable readings for tn2 higheL levelszuf

glucosa concentratlon :

The 700nm reflectance reading for the dual
wavelength measurement is typically taken at 15 seconds
(Ryg). By this time blood will have completely
saturated the reagent pad. ‘Beyond 15 seconds the dye
beac;ion_continues to take place and is sensed, to a
small part, by a 700nm reading. Accqrdingly, since dye
absorp;ipn by the 700nm slgnal'is a disadvantage,
readings beyond 15 seconds are ignored in the
‘calculations.

The raw data described above are used to
calculaée parameters proportional to glucose _
concentration which can be more easily visualized than

reflectance measurements. A logarithmic transformatiorn

of reflectance analogous to the relationship between
absorbtivity and anaiyte concentration observed in
transmissiqon spectroscopy (Beer's Law) can be used if
desired, A simplification of the Kubelka-Monk
equations, derived specifically for reflectance
spectroscopy, have proven particularly useful. In this
derivation K/S is related to analyte concentration with
K/S defined by Equation 1.

K/S-t = (1 - R¥t)2/(2 x R*t) (1)
R*t_is the reflectlvity taken at a particular

~endpoint time, t, and is the absorbed fraction of the
incident light beam described by Equation 2, where Ry

~1s the endpoiht reflectance, Ryy or R30.

R¥ = (R = Ry)/(Rgpy = Ry) (2)

R*t varies from O for no reflected light (Rb)t

to 1 ror total reflected light (Rdry The use of
reflecuivity in the calculations greatly simplifies -
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meter design as a nighly stable source and a detection
circuit become unnecessary since these components are
mohitored with each Rdry and Ry measurement.

For a single wavelength reading K/S can be
calculated at 20 seconds (K/S-20) or 30 seconds
(K/S-30). The calibration curves relating these
parameters to YSI (Yellow Springs Instruments) glucose
measurements can be precisely described by the tnird
order polynomial equaticn outlined in Equation 3.

YSI = ag + aj(K/S) + ap(k/8)2 + ag(k/s)3  (3)

The coefficients for these polynomials are
listed in Table 1.

TABLE 1.

Coefficients for Third Order Polynomial Fit of
Single Wavelengtn Calibration Curves

K/S-20 K/S-30
ag -55.75 -55.25
a 0.1632 0.1334
a, -5.765 % 1077 -2.241 x 1077
as 2.58 x 1078 1.20 x 1078

The single chemical species being measured in
the preferred embodiments is the MBTH-DMAB indamine dye
and the complex matrix being analyzed is whole blood
distributed on a 0.8y Posidyne membrane. A review
entitled "Application of Near Infra Red Spectrophoto-
metry to the Nondestructive Analysis of Foods: A
Review of Experimental Results", CRC Critical Reviews
in Food Science and Nutrition, 18(3) 203-30 (1983),

deseribes the use of instruments based on the
medsurement of an optical deasity difference AOD (A,-
Ap) where ODA, ls the optical density of the wavelength
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covrésponding to the avsorption maximum of a component
to be determined and ODAb is the optical density at a
wavelength where the same component does not absorbd
significantly.

5 The algorithm for dual wavelength measurement
is by necessity wore complex than for single wavelength
measurement but is much more powerful. The first order
correction applied by the 700nm reading is a simple
subtraction of background color due to blood. In order

10 to make this correction, a relationship between
absorhance at 635nm and 700nm due to blood color can be
and was determined. by measuring blood samples with
0 mg/dl glucose over a wide range of blood color. The
color range was constructed by varying hematoonit, and

15  fairly linear relationships were observed. From these
lines the K/S-15 at 700nm was normalized to give
equivalence to the K/S-30 at 635nm. This relationship
is reported in Equation 4, where K/S$S-15n is the

Ty normalized K/S-15 at 70Qnm.
20
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K/S-15n = (K/S-15 x 1.54) - 0.133 (4)

Note that the equivalence of the normalized

T00nm signal and the 635nm signal is only true at zero
25  glucose. The expressions from which the calibration
curves were derived are defined by Equations 5 and 6.

K/S-20/15 = (K/S=20) - (K/S-15n) (5)
30 K/S8-30/15 = (K/S-30) - (K/S-15n) (6)
These curves are best fit by fourth-order polynomial
equations similar to Equation 3 to which a fourth-order

term In K/S is added., The computer~fit coeffliclients
35 for these equations are listed in Table 2.
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TABLE 2.

Coefficients for Fourth-Order Polynomial Fit of
Dual Wavelengtn Calibration Curves

K/5-20/15 K/5-30/15
ag -0.1388 1.099
a, 0.1064 0.05235
a, 6.259 x 107 1.229 x 1074
as -6.12 x 1078 -5.83 x 1078
ay 3.21 x 1071 1.30 x 10711

A second order correction to eliminate errors
due to chromatography effects nas also been developed.
Low hematocrit samples have characteristically low
700nm readings compared to higher hematocrit samples
with the same 635nm reading. When the ratio of
(K/S=-30)/(K/S-15) is plotted versus K/S-30 over a wide
range of hematocrits and glucose concentrations, the
resulting line on the graph indicates the border
between samples which display chromatography effects
(above the curve) and those that do not (below the
curve). The K/S-30 for the samples above the curve are
corrected by elevating the reading to correspond to a
point on the curve with the same (K/S-30)/(K/S-15).

The correction factors reported above were
tailor made to fit a single instrument and a limited
number of reagent preparations. The algorithm can be
optimized for an individual instrument and reagent in
the same manner that is described above.

In summary, the system of the present
invention minimizes operator actions and provides
numerous advantages over prior art reflectance-reading
methods. Wnen compared to prior methods for
determining glucose in blood, for example, there are
several apparent advantages. First, the amount of
sample required to saturate the thin reagent pad is
small (typically 5-10 microliters). Second, operator

/". =
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time required is only that neceésary to apply the
sample to the thin hydropnilic layer and closes the
‘cover‘(typically Y-7 seconds). Third, no simultaneous
timing start is required. Fodrth, whole olood cén oe
used. Tnhe method does not require any separation or ‘
utilization of red-cell-free samples and likewise can
be used with other deeply colored samples. ‘

Several unobvious advantages arise as a
result of the practice .of the present invention with
whole blood. Normally, aqueous solutions (like blood)
will penetréte a hydrophilic membrane to give a liquid
layer on the opposite side of the membrane, a surface
that is then not suited for a reflectance measurement.
It has beea discovered, however, that blood, apparently
because of intevaotidns of red blood cells and proteins
in the blood with the matrix, will wet the polyamide
matrix without having an excess liquid penetrate the
porous matrix to interfere wi;h‘the reflectance reading
on the opposite side of the matrix. .

~ Furthermore, the thin membranes used in the
present invention would be expected when wet to
transmit light and return only a weak signal to the

- reflectance measuring device. Prior teacnings have

generally indicated that a réflective layer is
necessary behind the matrix in order to reflect suffi-
cient light. In other cases a white pad has been
piaced‘behind the reagent pad prior to color measure-
ment. In the present case, nelther ;'reflecELVe layer
or a white pad is required. In fact, the invention is
typically carried out with a light-absorbing surface
behind the reagent element when incident light is
impinged upon the matrix. Using a light-absorbing
surface behind the reagent element, coupled with
measuring reflectance at two different wavelengths,
allows acceptable reflectance measurements to be
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obtained witnout removal of excess liquid from the
matrix, thereby eliminating a step typically required
by previous teachings.

The invention now being generally described,

5 the same will be better understood by reference to the
following specific examples whicn are presented for
purposes of illustration only and are not to be
considered limiting of the invention unless so
specified.
10 Example I

Reproducibility:

One male blood sample (JG, hematocrit = 45)
was used to collect the reproducibility data set fortn
in Tables 3-5. )

15
RN TABLE 3.
.ﬁ; Reproducibility of a Single Wavelength MPX System
s Average (mg/dl) _S.D. (mg/dl) ZC.V.
: YSI (mg/dl) 20 sec. 30 sec. 20 sec. 30 sec. 20 sec. 30 sec.
- 20 25 23.1  23.0 2.1 2.04 9.1 9.0
rae 55 53-3 53-2 3-19 3-32 6.0 603
101 101 101 3.0 3.3 3:0 3.3
326 - 326.6 327 13.3 9.8 4.1 3.0
| 501 503 17.1 | 3.4
XS 810 813 37 4.5
B LI 25 . A
TABLE 4.
Reproducibility of a Dual Wavelength MPX System
Average (mg/dl) S.D. (mg/dl) | 2C.V.
30 ¥YSI (mg/dl) 20 sec. 30 sec. 20 sec. 30 sec. 20 sec. 30 sec.
25 25 27 1.34  1.55 5.4 5.7
55 55 57 4 2.58 2.62 b, 7 4.6
101 101 101.5 .2.55 2.18 2.5 2.1
326 332 330 15.0 7.1 4.5 2.1
501 505 21.3 k.2
690 687 22.8 3.3
35 810 817 30.4 3.7
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TABLE 5.

Reproducibility of a 3.0mm Diameter Apevtuve

‘ 2 C.V.
YSI (mg/dl) . Tmm “3.0mm
55-100 4.8 4.9
300 3.0 5.0 .
600 ‘ 3.8 5.5
avg. 39 5

The blood was divided into aliquots and spiked with
glucose acbosé a range of 25-300mg/dl. Twenty
determinations were made at each glucose test level
from strips taken at random from a 500 strip sample
(Lot FJ4-49B). Thne results of this study lead to the
following conclusions:

1. Single vs. Dual Wavelength: The average C.V., for
the 30-second dual result was 3.7% vs. 4.8% for the
30~second single wavelength resulb,'an improvement
of 23% across a glucose range of 25-810m3/d1.
‘There was a 33% tmprovement in C.V. in the 25-
326mg/dl glucose range. Here the C.V. decreased
from 5.4% to 3.6%, a significant impv6Vement‘in‘the

- most used range. The 20-second dual wavelength

- measurement gave similar {mprovements in C,V,
compared to tne single wavelength measurement in
the 254325mg/d1 range (Tables 3 and 4).

2, |Duaf Wavelength, 20 vs. 30-segond Result: The
average C.V. for a 20-second result in the 25-100
mg/dl range s nearly identical to the 30-second
reading, 4.2% vs. 4.1%. However, at 326 mg/dl the
30-second reading has a C.V. of 2.1% and the 20-
second result a C.V., of 4.5%. As was seen in the
K/5-20 response curve, the slope begins to decrease
sharply above 250 mg/dl. This lead to poor repro-
ducibility at glucose levels greater than 300 for
the 20-second result. From this peproducibtlity




.

-
ES

Br Ane mes

-~ -
on

-

o

£ o

P2

-
-

-

LA X S

-
-
-

-
-
-

LR

10

15

20

25

30

35

Recovery:

33

data the cutoff for the 20-second result is
somewhere between 100 and 326 m “dl. A cutoff of
250 mg/dl was later determined i the results of
the recovery study set forth {. wikample II.

3. Aperture Size: A smaller optics aperture size,

3.0mm gg;_5~0 min., was investigated. Initial
experimentation using a 10~ replicate, hand-dipped
disk sample did show improved C,V.s with the 3.0mm
aperture, apparently because of easier registration
with the system optics, However, when macnine-made
roll membrane was used, the average C.V. (Table 5)
of the larger aperture, 4.7mm, was 3.9% us, an
average C.V. for the 3.0mm aperture of 5.1%. This
30% increase in C.V. was probably due to the uneven
surface of the roll membrane lot as discussed
below:

Example II

For comparison of the present methiod (MPX)
against a typical prior art method using a Yellow
Springs Instrument Model 23A glucose analyser
manufactured by Yellow Springs Instrument Co., Yellow
Springs, Ohio (YSI), blood from 36 donors was tested.
The donors were divided equally between males and
females and ranged in hematocrit from 35 to 55%. The
blood sadples were used within 30 hours of collection,
with lithium heparin as the anti-coagulant., Each blood
sample was divided into aliquots and splked with
glucose to give 152 samples in the range of 0-700 mg/dl
glucose, Each sample was tested in duplicate for a
total of 304 data points.

\‘u"}
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Response curves were nonstructed from these
data and glucose values then calculated from the
appropriate equation (Tables 1 and 2). These MPX
glucose values were tnen plotted vs. the YSI values to

wn

give scattergrams.

Comparison of MPX Systems: For both the
20-second and 30-second measurement times there is
visually more scatter in the single-wavelengtn
scattergrams than the dual-wavelengih scattergrams.

10 The 2@-second reading becomes very scattered above 250
mg/dl but the 30-second measurement does not have wide
scatter until the glucose level is 2500 mg/dl.

These scattergrams were quantitated by
determining the deviations from YSI at various glucose

¢ ta

LI 15  ranges. The following results were cbtained.
TABLE 6.
Cers Accuracy of MPX from Recovery Data
e
B MPX Measurement  S.D. (mg/dl) C.V. for Range*¥
<« 20 |[Wavelength Time (sec.) 0-50 50-250 250-850  5§50-70
Single 20 +5.6 7.2 14.5 -
single 30 6.9 7.1 .8 10.2
e Dual 20 £2.3 5.3 12.8 -
Cert Dual 30 £2.19 5.5 5.8 8.4
ce 25 Note: These are inter method C.V.s.

a. The dual wavelength system gave C.V.s that
. ranged 30% lower than the single anelength
system.
30 ; .
b. The single wavelength system, from 0-50 mg/dl,
showed a S.D. of *6-7 mg/dl whereas the S.D.
for a dual wavelength measurement was only
+2.2 mg/dl.

35
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c. The cutoff for a 30-second MPX measurement is
250 mg/dl. For the 50-250 mg/dl range both
the 20- and 30-second rieasurements gave
similar inter-method C.V.s (approximately 7%
for single wavelength, 5.5% for dual
wavelength). However, in the 250-450 mg/dl
range inter-method C.V.s more than double for
the 20-second reading to 14.5% for the single
and 12.8% for the dual wavelength.

d. The 30-second reading was unusable above 450
mg/dl for both the single and dual wavelength

measuremant (C.V,s of 10,2 and 8.49).

In conclusion, two MPX systems gave optimum

quantitation in the 0-450 mg/dl range.

1.

MPX 30 Dual: This dual wavelength system gave a

30-second measurement time with a 95% confidence
limit (defined as the probability of a measurement
being within 2 S.D. of the ¥YSI) of 11.3% (C.V.) for
the range from 50-450 mg/dl (Table 7) and 4.4
mg/dl (S.D.) for 0-50 mg/dl.

MPX 30/20 Dual: This dual wavelength system gave a

20~second measurement time in the 0-250 mg/dl range
and a 30-second time for the 250-450 range. The
95% confidence limits are nearly identical to the
MPX 30 Dual System (Table 7), 11.%% (C.V.) for 50~
450 mgsdl and 4.6 mg/dl (8.D. for 0-50 mg/dl).
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TABLE 7.

Comparison of 95% Confidence Limits for MPX,
GlucoScan Plus and Accu-Chek bG* Reagent Strips

Measuring
5 Range MPX Single Wavelength MPX Dual Wavelength
mg/dl 20 sec. 30 sec. 20 sec. 30 sec.
~0-50 11.2 mg/dl 13.8 mg/dl Y6 mg/dl 4T mg/dl
50-250 14.4% 14.29 10.6% 11.09%
250-450 - 17.6% = 11.6%

T7-405 GlucoScan Plus (Drexler Clinical)
10 77-405 Accu-Chek bG (Drexler Clinical)

50-450 MPX 20/3C Dual Hybrid

50-450 MPX 30 Dual

d.g_hd
— — oW
W -~ O

EStly Lt

*# Confidence limits for MPX were from the YSI. The
confidence limits for GlucoScan Plus and Aocu-Chek
bG were from the regresslon #quation vs. YSI which

UKL eliminates blas due to small differences in
see 15 calibration.

Example III

ve Stabllity:

Most of the bench-scale work carried out in
v 20 optimizing stability was completed using hand-dipped
0.8y Posidyne membrane disks. The specific dye/enzyme
formulation was set fou'th previously.

1. Room Temperature Stability: This study attempted
25 to chart any. change in response of the 0.3
Pogidyne membrane reagent stored at 18-20°9C over
silica gel desiccant. After 2,5 moiiths there was
no nbtioeable change as measured by the response of
a room temperature sample vs. the response of a
30 sample stored at 5°C. Each scattergram represented
a glucose range of 0-450 mg/dl.

2, Stabliity at 37°C: A 37°C stablllity study usiag
the same reagent as the RT study was carried out.
35 The differences in glucose values of reagent
stressed at 37°C vs. RT reagent, for strips
stressed with and without adhesive, was plotted
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ovér time. Although the data was noisy, due to tne
poor repréducibility of  nandmade strips, the
stgbility was excellent for strips whether they
were stressed with or without adhesive,

Stabllity at 569C: Eight 5- to 6-day stability

studies were carried out using different
preparations of a =similar fow.mulation on disk
membrane (Table 8'. For the low glucose test level
(80-100 mg/d)) the average gulcose value dropped
upon stressing by 3.4%, with the highest drop being
9.55%. At the high test level (280-32Q0 mg/dl) the
glucoée reading declined by an average of 3.U4%, the
largest decline being 10.0%.

TABLE R,

Stability of pH = 4.0, .8 %o ‘dyne¢ Disk Reagent
Formulation Stressed for ~ £ Daya at 56°C

$ Difference ,36%C vs. RT Sample)

Sample No. YSI TB0-700 mg/d;s " YSI (280-320 mg/dl)

FJ22B =6,25% +5 ., 4
FJ27A 4,0 -5.14
FJ30H -9,55 -10.0
FJd31cC +4, 43 ~1.24
FJ36 ~3.2 -8.5
FJL48B* -3,0 0.0
cMUB A, -3.0 -2.5
Average of 8 3.4 -3.4

¥

These two samples contained twice the hormal

concentration of enzyme and dye.

A study of the 56°C stressing of this membrane over
a 19-day period showed no major difference for
strips stressed with or without adhesive. In both
cases the 19-day decline {n glucose valué_"=; “15%
at low test levels (80+10Q) and 300 mg/dl
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Another 56°C study using hand-dipped 0.8y Posidyne
membrane with twice the normal concentration of
enzyme and dye was completed. Two separate
preparations of tne same formulation were made up
and the stability measured over a 14-day period.
The average results of the two studies were

plotted. Changes were within £10% over the 14-day

period at both the¢ high and low 3gluccse test
level. 'These data snhow this formulation to be
particularly stable.

Example IV

Sample Size:
The sample size requirements for MPX are
demo

Sample Dual Wavelength Single Wavelengtin
Size (ul) Avarage Average
Low Glucose YSI = 56
3 41 50 39 = 31 bo 31 42 30 19 30
4 4y 49 49 49 48 41 5 uy 45 4y
5 54 48 49 51 50 50 49 L8 49 49
10 48 48 50 47 48 54 53 56 55 54
20 49 49 49 50 49 55 57 58 60 58
High Glucose YSI = 36&C
3 301 260 276 286 280 274 232 244 260 252
4 383 378 367 3W1 367 361 356 342 318 344
5 398 Yo2 382 370 384 378 387 366 351 370
10 364 362 378 368 368 356 358 379 369 366
20 375 370 380 378 376 380 382 389 385 384

nstrated in Table 9.

TABLE 9.

Effec” ./ Sample Size on MPX Measuremeuts

The volumes reported in the table were

transferred to the reagent pad shown {n Figura 1 using

a mi
aupl

¢, pipet. When bload from a finger stick is
fed to a strip the total sample cannot be

transferred, theréfore the volumés reported nere do not

repr

esent the total sample size neaded to be squeezed
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from thé finger for the analysis. A& 3-ul sample is the
minimum necessary to completely cover the reagent pad
circle. Tnis does not provide enougn sample to
completely saturate the reagent pad and MPX gives low
results. A b-pl sample barely saturates the reagent
pad, whiie a 5-ul sample is clearly adequate. A 10-ul
sample is a large shiny drop and a 20-ul sample is a
véery large drop and is only likely to be used whan
blood from & pipvet is uised for sampling.

At low glucose congentration the single
wavelength result has some dependence on sample size
which is completely eliminated using the dual
wavelength measurement. Although this dependence with
the single wavslenghkn might be considered acceptable,
it is clearly undesirable.

Example V
Reproducibility:

Experimental measurements described.above
were always run in replicate, usually 2, 3 or 4
determinations per data point. These sets have always
shown close agreement even for samples with extreme
hematocrits or extreme oxygen levels. C.V.s were well
below 5%. It appears, therefors,; that reproducibility
is very good to excellent.

e
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The subject invention provides for many
advantages over systems which are presently available
commercially or have been described in the
literature. The protocols are simple and require
little technical skill and are relatively free of
operator error. -Tne assays can be carried out rapidly
and use inexpensive and relatively harmless reagents,
important considerations for materials employed in tne
home. The user obtains results wnich can be understood
and used in conjunction with maintenance therapy. In
addition, the reagents have long shelf lives, so that
the results obtained will be reliable for long periods
of time. The equipment is simple and reliable and
substantially automatic.

All patents aﬁd other publiaations
specifically identified in this specification are
indicative of the level of skill of those of ordinary
skill in the art to which this invention pertains and
are herein individually incorporated by reference to
the, same extent as would occur if each refereﬁce were
specifically and individually incorporated by
reference.

The invention now being fully described, it
will be apparent to one of ordinary skill in the art
that many modifications and changes can be made thereto
without departing from the spirit or scope of the
invention as defined in the following claims.
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‘The claims defining the 1nvent1on are as follows:

1. A method for determining glucose in a blood sample, employing a
porous matrix and a signal-producing system that produces a
1ight-absorptive dye product, said system being bound to the matrix, in
which the amount of said dye product is quantitatively determined by mean§
of a reflectance measurement from a surface of said matrix, characterized
by an improvement which comprises:

applying whole blood to a surface of said matrix, and making said
measurement on a surface of saild matrix other than the surface to which
sald sample is applied,

wherein timing of the measurement 1s activated hy detection of an
1n1t1a] decrease in reflectance of the surface of the matrix.

2. A method according to Claim 1, wherein said signal-producing
system produces a dye product\wh1¢h absorbs 1ight at a wavelength different
from the wavelength at which said red blood cells absorb and said
reflectance measurement is made at two different wave1engths. one at the
absorption wavelength of the red blood ce]ls and one at the absorption
wavelength of said dye product. |

3. A method according to Claim 2, wherein sald two wavelengths are
about 635 and 700nm. ‘

4. A method according to any one of Claims 1 to 3, wherein said
signal produc1ng system compr1ses glucose oxidase, peroxidase and MBTH-DMAB
indicator.

5. A method according to any one of Claims 1 to 4, wherein the
surface of said matrix is a polyamide.

6. A method according to Claim 3, wherein sald polyamide is
positively charged and glucose oxidase, peroxidase and MBTH-DMAB indigator
are bound to said matrix prior to use in said method.

7. A method for determining glucose in a blood sample, comprising
the steps of:

applying a sample of whole blood to a reagent element, wherein said
reagent element comprises a porous matrix to which is bound glucose
oxidase, peroxidase, and a dye indicator capable of forming a reaction
product;

allowing the sample to penetrate sald matrix;

quantitatively determining reflectance by initiating timing of a
predetermined timed reflectance measurement by detecting an initial |
decrease in reflectance of the surface of the matrix due to penetration of
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the sample through said matrix; and

determining the amount of glucose in said sample by the additional
change in reflectance resulting from absorbance by said dye product,

whereby said reflectance measurement 1s made on a surface of said
matrix other than the surface to which said sample is applied.

8. A method according to Claim 7, wherein said dye indicator is
MBTH-DMAB indicator,

9. A method according to Claim 7 or 8, wherein the suriace of said
hydrophilic matrix is a polyamide.

10. A method according to any one of Claims 7 to 9, wherein said
hydrophilic matrix is positively charged.

11. A method according to any one of claims 1 to 10 wherain the
quantitative determination of reflectance is made by means of diffuse
reflectance spectrophotometry. '

12. A method of initiating timing of a measurement in a reflectance-
measurement device, which comprises:

taking at least one first reflectance reading from a first surface of
a porous matrix prior to application of a sample to a second surface of
sald matrix;

taking at least one additional reflectance measurement from said
first surfaces

comparing sald additional reflectance measurement to saild first
reflectance measurenent and initiating time measurement upon a
predetermined drop in reflectance resulting from sald sample reaching said
first surface; and taking at least one reflectance measurement at a
predetermined time after sald additional reflectance measurement 4iffers
from said first reflectance measurement by said predetermined difference;

wherein sald reflectance measuring device is initiated by the
application of a sample to said second surface.

13. A method according to Claim 12, wherein said surface is
initially dry and said additional reflectance measurement differs from sald
first reflectance measurement when a 11quid assay medium penetrates to said
first surface of sald matrix.,

14, A method according to Claim 12 or Claim 13, wherein a dye
precursor 1s bound to the matrix.

15. A measuring apparatus for the determination of an analyte in a
fluid, which comprises:
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a container having a light-tight closure adapted to removably contain
a porous matrix capable of containing an absorbed fluid to be analyzed;

means for i1luminating a surface of said matrix;

means for detecting Tight of two different wavelengths reflected from
said matrix;

control means for collecting measurements of reflected 1ight and
calculating a value for the amount of analyte in said fluid based on
measurements of analyte or reaction product absorbance from the first
wavelength of reflected 1ight and of background absorbance from the second
wavelength of reflected light; and

means for reporting said value,

wherein said reflectance measurements are made on the surface of said
matrix other than the surface to which said fluid is applied; and

wherein timing of the measurements 1s activated by detection of an
initial decrease in reflectance of the surface of the matrix.

16. The apparatus of Claim 15, wherein said apparatus further
comprises a self-contained electronic power supply operationally connected
to said means for 11luminating, means for detecting, control means, and
reporting means.

17, The apparatus of Claim 15 or Claim 16, wherein said means for
117uminating and means for detecting 11ght of two different wavelengths
together comprise: 1) two 1ight sources of different wavelengths and a
single 11ght detector; or 2) 2 polychromic Tight source and two detectors
restricted to detecting different wavelengths of 1ight.

18. The apparatus of any one of Claims 15 to 17, wherein the first
wavelength of 11ght is from 690 to 710nm and the second wavelength of 11ght
is from 625 to 645nm.

19.  The apparatus of any one of Claims 15 to 18, wherein said
control means causes a timing circuit to be initiated based on initial
decrease in reflectance of either wavelenath of 1ight, said decrease

occuring when sald fluid penetrates said matrix after being applied to said °

matrix on a surface other than the surface illuminated by said 11luminating
means.

20, The apparatus of any one of Claims 15 to 19, wherein sald
control means causes one or more measurements of reflected 1ight to be

taken at predetermined intervals after said initial decrease in reflectance.

2]1. The apparatus of any one of Claims 15 to 20, wherein sald
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~control means is capable of collecting and storing a reflectance

measurement from a reagent pad prior to application of fluid to said
reagent pad.

22. The apparatus of Claim 21, wherein said control means is further
capable of collecting and storing a background detector current measurement
in the absence cf 1ight reflected from said reagent pad.

23. The apparatus of any one of Claims 15 to 22, wherein when power
{s supplied to sald control means in an analyte detection mode, said
control means automatically collects and compares sequential reflectance
measurements from said detector, initiates a timing circuit upon detection
of a drop in reflectance, collects reaction reflectance measurements at
predetermined intervals after said drop in reflectance, calculates a value
for the concentration of analyte in said fluid being analyzed from said
reaction reflectance measurements, and transfers said value to said
reporting means.

24, The apparatus of any one of Claims 15 to 23, wherein when power
Is supplied to sald control means in a base reflectance mode prior to said
analyte detection mode, said control means collects and stores a base
reflectance measurement from said matrix prior to application of fluid to
sald matrix and wherein when power 1s next supplied to sald control means
in the analyte detection mode, said base reflectance measurement {s
subtracted from sald reaction reflectance measurements by sald control
means prior to calculation by said control means of said value.

25, A method of determining analyte concentration in a 1iquid, which
comprises: \

quantitatively measuring base reflectance from a first surface of a
reagent element comprising an inert porous matrix and a reagent system
capable of interacting with said analyte to produce a 1ight-absorbing
reaction product, said reagent system being impregnated in the pores of
sald matrix, prior to application of said liquid to said reagent element;

quantitatively measuring reaction reflectance from sald reagent
element after application of said 1iquid to a second surface of said
reagent element other than the first surface from which said reaction
reflectance is measured and after said liquid has migrated through said
reagent element from said second surface to satd first surface;

quantitatively measuring interference reflectance from said first
surface of sald reagent element after said application of liquid using a

(@f§1?3\ wavelength of 1ight different from the wavelength of 1ight used to measure
i :;:J ﬁs «,’5:¥
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said reaction reflectance; and

calculating a value expressing said concentration from said
reflectance measurements,

wherein timing of the reflectance measurements is activated by
detection of an initial decrease in reflectance of the surface of the
matrix.

26. The method of Claim 25, wherein the surface of said matrix is a
polyamide.

27. The method of Claim 25 or Claim 26, wherein the average diameter
of the pores in said matrix is from 0.2 to 1.,0um and said 1iquid is whole
blood. .

28, The method of Claim 27, wherein said reagent produces a 1ight-
absorbing reaction product upon reacting with glucose,

29. A method for determining glucose in a blood sample substantially
as hereinbefore described with reference to any one of the Examples.

30. A method of initiating timing of a measurement in a reflectance
reading device, said method being substantially as hereinbefore described
with reference to any one of the Examples.

31. An apparatus substantially as hereinbefore described with
reference to the accompanying drawings.

32, A method for determining analyte concentration in a 1iquid
substantially as hereinbefore described with reference to any one of the
Examples, ‘

DATED this SIXTH day of JUNE 1990

Lifescan, Inc,

Patent Attorneys for the Applicant
SPRUSON & FERGUSON
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