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(57) ABSTRACT

The present invention proves instruments and methods for
detecting and/or quantitating an analyte in a fluid sample. The
fluid sample is placed in a sample chamber having a small,
shallow detection region. The analyte is magnetically labeled
using magnetic particles coated with a binding reagent, and is
detectably labeled using a fluorescent dye or other detection
reagent. The magnetically labeled analyte is concentrated
into the detection region using a focusing magnet positioned
underneath the sample chamber detection region. Concen-
trated analyte is measured using excitation optics positioned
on top of the sample chamber detection region, adapted to
illuminate only the detection region, and detection optics
positioned on top of the detection region, adapted to detect
only light emitted from the detection region. In a preferred
embodiment, the invention provides a simple, rapid assay for
measuring the concentration of CD4*T cells in a whole blood
sample.

112 1104

1109

1102



Patent Application Publication  Dec. 31,2009 Sheet1 of 13 US 2009/0325192 A1

Figure 1
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Figure 2
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RAPID PARTICLE DETECTION ASSAY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims priority to U.S. pro-
visional application Ser. No. 61/010,686, filed Jan. 10, 2008,
which is incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates in general to the fields
of optical detection methods, immunology, and cellular biol-
ogy, and, more particularly, to methods of assessing the state
of the immune system, and, even more particularly, to meth-
ods of measuring CD4" T cells, as typically carried out in
HIV-infected patients.

[0004] 2. Description of Related Art

[0005] Obtaining accurate and reliable measures of CD4* T
lymphocytes (CD4* T cells) is essential to assessing the
immune system and managing the health care of persons
infected with human immunodeficiency virus (HIV). The
pathogenesis of acquired immunodeficiency syndrome
(AIDS) is largely attributable to the decrease in CD4* T cells,
and progressive depletion of CD4* T cells is indicative of an
unfavorable prognosis.

[0006] In HIV-infected adults and adolescents, measure-
ment of the number of CD4™ T cells per volume of blood
(referred to as the CD4™ T cell count or simply the CD4*
count, with the understanding that the measured quantity is a
concentration) is used as a measure of disease progression
and to establish decision points for initiating and monitoring
antiretroviral therapy. The CD4* T cell count in infected
patients decreases as HIV infection progresses, and patients
with lower CD4"* T cell counts have a poorer prognosis than
patients with higher counts.

[0007] A wide variety of technologies have been used for
measuring CD4* T cells. The most widely used assays for
measuring CD4* T cells are based on flow cytometry. Cells of
interest, e.g., CD4* T cells, in a sample are labeled with
fluorescently labeled antibodies that bind specifically to cel-
lular antigens whose joint expression identifies the cells of
interest. The cells are passed in a fluid stream essentially one
at a time through a detection region in which any fluorescent
labels bound to a cell are optically detected. Cells of interest
are identified by the joint detection of fluorescent labels
bound to the cellular antigens whose joint expression identi-
fies the cells of interest, and counted. Reagents and flow
cytometers suitable for measuring CD4™ T cells are commer-
cially available from, for example, BD Biosciences (San Jose,
Calif.).

[0008] Methods of counting the number of CD4* T cells in
asample using fluorescence microscopy have been described.
Magnetic separation has been used to move the cells into
position prior to analysis. For example, Tibbe et al., 2001,
Cytometry 43:31-37, describe methods in which the CD4™ T
cells are magnetically separated into a detection region at the
top of a sample chamber, the region is optically scanned to
obtain an image of the region, individual cells are identified
using image processing algorithms, and the number of CD4*
T cells in the scanned region are counted. The requirements of
scanning the sample add to the complexity and cost of the
instrument. Assays based on identifying and counting cells of
interest depend on the ability of the image processing to
accurately identify the individual cells, and are sensitive to
the density of the cells in the region.
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[0009] Magnetic immunoassays have been described in
which analyte-specific antibodies conjugated to magnetic
particles are used to magnetically label a target analyte to
facilitate magnetic separation of the analyte from the sample
solution. Typically, after the magnetically labeled analyte has
been concentrated against the side or bottom of the sample
chamber, the sample fluid is removed. Such assays require
sample handling fluidics to separate the captured analyte
from the sample fluid and are inherently multi-step.

[0010] U.S.Pat.No. 5,945,281 describes a magnetic immu-
noassay in which a labeled target analyte is magnetically
separated from a sample fluid and moved from a sample
chamber into a detection region for optical analysis. The
sample is added to sample chamber containing a magnetic
capture reagents and a label such that target analyte in the
sample forms a complex with the magnetic capture agent and
the label. An electrical potential is applied to the complex to
transport the complex to a detection region, and the presence
of the complex in the detection region is determined.

[0011] U.S.Pat.Nos. 6,858,440;6,645,777;6,630,355; and
6,254.830; each incorporated herein by reference, describe a
magnetic focusing immunosensor for magnetically concen-
trating pathogenic bacteria in a food sample onto the side of a
sample container and optically detecting the concentrated
cells through the side of the sample container. The magnetic
focusing immunosensor comprises a focusing magnet and
fiber optics attached to the side of the magnet for transmitting
excitation and detection light.

BRIEF SUMMARY OF THE INVENTION

[0012] The present invention provides an optical instru-
ment and method for the analysis of an analyte of interest in
a fluid sample. The instrument enables measuring the total
amount of analyte in the sample without the need to optically
scan the sample. The assay is carried out in a “homogeneous”
format in which the fluid sample is not removed from the
sample chamber during the analysis. The invention provides
significant advantages in simplicity and cost that will be
particularly useful in applications such as the measurement of
CD4* T cells.

[0013] Analysis of the fluid sample is carried out in a
sample chamber shaped to minimize the background signal
resulting from the sample fluid, which need not be removed
from the sample chamber during the assay. The sample cham-
ber includes a small detection region within the larger sample
chamber, the detection region having a vertical depth prefer-
ably less than about 100 pum, more preferably less than about
50 pm, and even more preferably less than about 30 pm. The
top of the sample chamber above the detection region is
optically clear. The volume of the sample chamber preferably
is less than about 100 ul, more preferably less than about 75
1, and even more preferably less than about 50 pl. The sample
chamber preferably is a shallow, flat sample chamber, more
preferably approximately disk-shaped, with a depression in
the top surface to decrease the vertical depth over the detec-
tion region.

[0014] The sample chamber can be made from any suitable
material, such as glass or plastic. In a preferred embodiment,
the sample chamber is made from plastic, such as polysty-
rene, has a clear (transparent) top to enable optical detection,
and has black sides and bottom to minimize ambient or scat-
tered light from interfering with the detection.
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[0015] The instrument comprises a focusing magnet posi-
tioned under and adjacent to the detection region within the
sample chamber, when the sample chamber is positioned in
the instrument. The focusing magnet is magnetized in a ver-
tical direction, and includes a tapered pole piece, preferably
conical or frustum-shaped, that is tapered to less that about
100 pum, more preferably less than about 50 um, and more
preferably less than about 30 um at the tip. In a preferred
embodiment, the pole piece of the focusing magnet is conical.
The pole piece may be an integral part of the magnet, or may
be a separate piece made from a soft magnetic material in
contact with the magnet.

[0016] The instrument further comprises excitation optics
adapted to illuminate the detection region and detection
optics adapted to measure light emitted from the detection
region. The excitation and detection optics are positioned
above the sample chamber, on the opposite side of the sample
chamber from the focusing magnet. The positioning of the
excitation and detection optics opposite from the focusing
magnet enables uniform illumination of the magnetically
concentrated analyte and detection of the emitted light from
the analyte while the magnet remains in position and the
analyte remains bound to the tip of the magnet, without inter-
ference from the magnet itself. In a preferred embodiment, a
laser is used to provide excitation light, and a photodiode is
used to measure the emitted light.

[0017] The methods of the invention comprise contacting a
sample containing an analyte of interest with a capture
reagent consisting of magnetic particles conjugated to a bind-
ing reagent specific for the analyte of interest, to obtain mag-
netically labeled analyte. The magnetically labeled analyte is
further labeled with a detection reagent, such as a fluorescent
dye, to enable optical detection. The sample is added to the
sample chamber either prior to or subsequent to exposure to
the capture and detection reagents. In one embodiment, the
capture and/or detection reagents are present in the sample
chamber, either in a liquid or dried form, at the time of sample
addition. The sample chamber containing the sample mixed
with the capture and detection reagents is positioned in the
instrument, and the magnetically labeled analyte is magneti-
cally concentrated into the detection region within the sample
container using the focusing magnet positioned directly
underneath the sample chamber. Without further separation
of the analyte from the sample fluid (e.g., without aspirating
the sample fluid or washing the concentrated sample), the
amount of labeled analyte present in the detection region is
then optically analyzed by illuminating the labeled analyte
using the excitation optics and measuring the light emitted
from the labeled analyte using the detection optics. The detec-
tion optics measure the light emitted from the detection
region as a single measurement, without optical scanning
over the detection region.

[0018] In a preferred embodiment of the invention, the
capture reagent consists of a binding reagent attached to the
magnetic particles, wherein the capture reagent is an antibody
(“capture antibody™) specific for the analyte of interest, or a
component of the analyte. Preferably, the detection reagent
consists of an antibody (“detector antibody”) specific to a
different epitope on the analyte of interest, or to a different
component of the analyte, bound to a fluorescent dye. The
magnetic particles coated with capture antibodies and the
dye-labeled detector antibodies are added to the sample. If the
analyte of interest is present, a magnetic complex is formed
by the binding of the analyte to both the capture antibody and
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the detector antibodies. The magnetic complexes are attracted
to the pole of the focusing magnet, and are thus concentrated
in the detection region.

[0019] In preferred embodiments, the analyte of interest
will be a cell from a bodily fluid, such as immune system cells
of a cell type defined by the pattern of expression of one or
more cell-surface molecules or antigens in a sample of whole
blood. The magnetic capture and concentration of a cell is
carried out using a magnetic particle-bound capture reagent
that binds to a particular component of the cell, such as a
cell-surface molecule. Detection of the captured cell is car-
ried out using a detection reagent that binds to another cellular
component, such as a cell-surface or intracellular molecule.

[0020] The capture reagent, bound to magnetic particle,
preferably is an antibody that is specific to an antigen
expressed on cells of the cell type of interest. As cell-surface
antigens typically are expressed in high copy number, a cell
can be bound simultaneously to a large number of antibody-
coated magpetic particles. The force applied to the cell
exposed to a magnetic field is the cumulative force applied to
each of the bound magpetic particles, which is strong enough
to concentrate the cells into the detection region.

[0021] In some embodiments, a single species of capture
reagent is used, e.g., antibodies for a particular cell-surface
antigen. In other embodiments, multiple species of capture
reagents, each specific for a different cell-surface antigen
expressed by the cells of interest, can be used to increase the
number of magnetic particles that are bound to each cell and
to increase the cumulative magnetic force applied to the cells
during the concentration step.

[0022] Cells of the cell type of interest are labeled with a
detection reagent, either before or after magnetic concentra-
tion, with a detection reagent to facilitate optical detection.
The label canbe bound indirectly to the cell using any suitable
binding reagent, or can be bound directly to the cell. In a
preferred embodiment, the detection reagent is an antibody
specific for an antigen expressed on cells of the cell type of
interest, conjugated to a fluorescent dye. Alternatively, a fluo-
rescent dye that binds to a cell-surface or intracellular com-
ponent may be used, such a membrane-specific dye or a
nucleic acid binding dye.

[0023] In embodiments in which both the capture reagent
and detector reagents are antibodies, the capture and detector
antibodies are selected such that the simultaneous binding of
both the capture and detector antibodies identifies the cells of
interest. Such antibodies are referred to herein as cell subset-
defining antibodies. The particular antibody pair should be
selected in view of the other cell types potentially present in
the sample. For example, if CD4* T cells are to be analyzed,
the antibody pair should identify these cells in a sample also
containing other blood cells, such as monocytes, granulo-
cytes, B cells, NK cells, etc.

[0024] In a preferred embodiment, the present invention
provides an instrument and method for quantitating CD4* T
cells in a patient blood sample. The methods can be carried
out in a whole blood sample, or in a sample of cells derived
from whole blood, such as a sample of peripheral blood
mononuclear cells (“PBMC”). The capture and detector anti-
bodies are selected such that the simultaneous binding of both
the capture and detector antibodies identifies CD4* T cells.
Antibody pairs whose joint binding are sufficient to identify
CD4* T cells, such as CD4/CD3 or CD4/CD435, are well
known and have been described in the literature. Either anti-
body of the pair can be used for cellular capture, with the other
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being used to as the detector, although the overall assay per-
formance may be improved using one of the two arrange-
ments. The preferred pairing can be determined using routine
experimentation.

[0025] In a preferred embodiment, the capture and detec-
tion antibodies are selected from the pair of CD3- and CD4-
specific antibodies, one being used as the capture reagent and
the other as the detection reagent. For example, the cells may
be captured using CD4 antibody and labeled with CD3 anti-
body.

[0026] In another embodiment, a CD4-specific capture
antibody is used to magnetically label the cells, and a fluo-
rescent dye that binds to a cell structure, such a dye that binds
DNA, is used to label the cells for optical detection. The
specificity of the assay in this embodiment is dependent
wholly on the specificity of the capture reagent; the detection
reagent binds to all cells, captured or not. In particular, mono-
cytes, which also express CD4, albeit to a lesser degree, may
be captured and concentrated along with the CD4* T cells,
will also become detectable labeled and will affect the total
fluorescence measured. In this embodiment, it is beneficial to
pretreat the sample prior to carrying out the assay to selec-
tively remove monocytes, such as by magnetic depletion
using CD14 antibody-coated magnetic particles. Reagents
for the magnetic depletion of monocytes from a blood sample
are commercially available from, for example, BD Bio-
sciences (San Jose, Calif.).

[0027] The combination of features of the instrument of the
present invention provides several advantages. The assays of
the present invention is carried out without washing the
sample after magnetic concentration, or otherwise separating
the concentrated analyte from the sample fluid. The use of the
focusing magnet enables concentration of the analyte suffi-
ciently such that the amount of analyte can be detected with-
out optically scanning the sample. The placement of the exci-
tation and detection optics on the opposite side of the sample
chamber from the focusing magnet facilitates optical detec-
tion in microliter-sized samples without physical interference
from the focusing magnet, while the design of the sample
chamber minimizes the amount of sample fluid in the excita-
tion and detection light paths, thus reducing background sig-
nal caused by the presence of sample fluid in the light path.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0028] FIG. 1 shows an embodiment of the instrument of
the present invention.

[0029] FIG. 2 shows an alternative embodiment of the
instrument of the present invention.

[0030] FIGS. 3a and 3b show a cross-sectional view and a
top view, respectively, of an embodiment of the sample cham-
ber of the present invention.

[0031] FIG. 4 shows cross-sectional view of an alternative
embodiment of the sample chamber of the present invention.
[0032] FIGS. 5a and 5 show cross-sectional views an
alternative embodiment of the sample chamber of the present
invention, before and after compression of the sample cham-
ber.

[0033] FIG. 6 shows a top view of a two-chambered
embodiment of the sample chamber of the present invention.
[0034] FIGS. 7a and 75 show top, angled views of a two-
chambered embodiment of the sample chamber ofthe present
invention, as used in the present methods.
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[0035] FIG. 8 shows cross-sectional view of an alternative
embodiment of the sample chamber of the present invention.
[0036] FIGS. 9a and 95 show a cross-sectional view and a
top view, respectively, of an alternative embodiment of the
sample chamber of the present invention.

[0037] FIGS. 10a and 105 show a cross-sectional view and
a top view, respectively, of an alternative embodiment of the
sample chamber of the present invention.

[0038] FIG. 11 shows an alternative embodiment of the
instrument of the present invention, as described in example
L.

[0039] FIG. 12 shows the results the assay described in
example 1.

[0040] FIG. 13 shows the results the assay described in
example 2.
[0041] The figures that show elements of the instrument

and sample chamber depict schematic representation of these
elements and are not drawn to scale.

DETAILED DESCRIPTION OF THE INVENTION

[0042] In order that the invention herein described may be
fully understood, a number of terms are explicitly defined,
below. Terms not explicitly defined are intended to have their
usual meaning in the fields of microscopy, cytometry, immu-
nology, and HIV biology. Fluorescence imaging microscopy
is described in, for example, Pawley (ed), Handbook of Bio-
logical Confocal Microscopy, 2nd Edition, Plenum Press
(1989), and Murphy. 2001, “Fundamentals of Light Micros-
copy and Electronic Imaging” (Wiley-Liss, Inc. New York,
N.Y.), both incorporated herein by reference. All reference
cited herein, both supra and infra, are incorporated herein by
reference.

[0043] By “whole blood” is intended a fluid blood sample
as drawn in the presence of an anticoagulant from a mammal
and substantially unfractionated thereafter.

[0044] Theterm “analyte” is used herein broadly to refer to
any substance to be analyzed, detected, measured, or labeled.
Examples of analytes include, but are not limited to, proteins,
peptides, hormones, haptens, antigens, antibodies, receptors,
enzymes, nucleic acids, polysaccharides, chemicals, poly-
mers, pathogens, toxins, organic drugs, inorganic drugs, cells,
tissues, microorganisms, viruses, bacteria, fungi, algae, para-
sites, allergens, pollutants, and combinations thereof. By con-
vention, where cells of a given cell type are to be detected,
both the cellular component molecules or the cell itself can be
described as an analyte.

[0045] In preferred embodiments, the analyte of interest
will be a cell of the immune system in a sample of whole
blood, such as a CD4" T cell. It will be understood that the
capture of a cell is carried out using a capture reagent that
binds to a particular component of the cell, such as a cell-
surface molecule, and detection of the captured cell is enabled
using a detection reagent that binds to another cellular com-
ponent, such as a cell-surface or intracellular molecule, and
that both the cellular components and the cell itself can be
described as an analyte.

[0046] As used herein an “analyte-specific reagent” or “tar-
get-specific reagent” broadly encompasses any reagent that
preferentially binds to an analyte or target of interest, relative
to other analytes potentially present in a sample. A target
(analyte) and target-specific (analyte-specific) reagent are
members of a binding pair, and either member of the pair can
be used as the target-specific reagent in order to selectively
bind to the other member of the pair. Examples of target and
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target-specific reagent pairs include, but are not limited to,
antigen and antigen-specific antibody; hormone and hormone
receptor; hapten and anti-hapten; biotin and avidin or strepta-
vidin; enzyme and enzyme cofactor; lectin and specific car-
bohydrate; and complementary nucleic acid sequences. Pre-
ferred target-specific reagents are antibodies that include an
antigen binding site that specifically binds (immunoreacts
with) an antigen.

[0047] “Antibody”, as used herein, includes all products,
derived or derivable from antibodies or from antibody genes,
that are useful as target-specific binding reagents in the cyto-
metric methods described herein. “Antibody” thus includes,
inter alia, natural antibodies, antibody fragments, antibody
derivatives, and genetically-engineered antibodies, antibody
fragments, and antibody derivatives.

[0048] “Cell subset-defining antibody” refers to any anti-
body that may be used, alone or in combination with other
antibodies, to facilitate identification of a particular subset of
cells, and thus includes antibodies that are specific for
epitopes displayed by cells of the subset. Typically, cell sub-
sets may be identified by the presence of particular markers
expressed by the cell and/or the absence of particular mark-
ers. By “absence” is intended a level of expression, as mea-
sured in an immunoassay, such as a cytometric assay, that is
not significantly different from background.

[0049] As used herein, “magnetic particles” refers to any
particle that contains a magnetic or magnetically responsive
material. Magnetic particles can be of any shape, but typically
are approximately spherical (“microspheres”). Magnetic par-
ticles suitable for use in the present invention preferably have
a diameter in the nanometer to micrometer range, typically
about 0.01 to 50 pm in diameter, preferably about 0.1 to 10
pm, more preferably about 0.2 to 0.4 pm. Preferably, the
magnetic particles are paramagnetic or superparamagnetic.
Magnetic particles suitable for use in the present invention are
commercially available from a number of sources, including,
but not limited to, BD Biosciences (San Jose, Calif.), Invit-
rogen (Carlsbad, Calif.), Miltenyi Biotech (Bergisch Glad-
bach, Germany), and Polysciences (Warrington, Pa.).

Magnet Capture Reagent

[0050] The magnetic capture reagents are magnetic par-
ticles bound to one or more target-specific reagents. Preferred
target-specific reagents are antibodies. Magnetic particles
coated with antibodies specific for various cell-surface mol-
ecules, such as CD4 or CD3, are commercially available from
a number of sources, including, but not limited to, BD Bio-
sciences (San Jose, Calif.), Invitrogen (Carlsbad, Calif.), and
Miltenyi Biotech (Bergisch Gladbach, Germany). In general,
antibody-coated magnetic particles sold for use in cell sepa-
ration assays are suitable for use in the present invention.

Detection Reagent

[0051] A detection reagent is used to enable optical detec-
tion of the magnetically concentrated analyte. In many
embodiments, the detection reagent comprises, or is, a fluo-
rescent dye. In general, fluorescent dyes (fluorophores) suit-
able for use in the present invention can be selected from any
of the many dyes suitable for use in imaging applications.
However, the invention is not limited to the use of fluorescent
dyes, and any of the detection reagents useful in fluorescence
microscopy that bind to the analyte of interest and enable
optical detection, such as nanoparticles detectable by surface-
enhanced raman scattering (SERS), may be used.
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[0052] The detection reagent may comprise an analyte-
specific reagent labeled with a detectable label, such as a
fluorescent dye or dye-containing particle. Fluorescent dyes
are known to those of skill in the art and are commercially
available from a number of sources. Suitable fluorescent dyes
include, but are not limited to, phycoerythrin (“PE”), fluores-
cein isothiocyanate (“FITC”), allophycocyanin (“APC”),
Texas Red (“TR”, Molecular Probes, Inc.), peridinin chloro-
phyll complex (“PerCp”), CYS (Biological Detection Sys-
tem) and conjugates thereof coupled to PE (e.g., PE/CYS5,
PE/APC and PE/TR); etc. A large number of dyes are com-
mercially available from a variety of sources, such as, for
example, Molecular Probes (Eugene, Oreg.) and Exciton
(Dayton, Ohio).

[0053] Where the analyte-specific reagent is an antibody,
the antibodies can be directly conjugated to a fluorescent label
or can be labeled indirectly using a secondary antibody (e.g.,
a goat anti-mouse antibody conjugated directly to a fluores-
cent label) or by conjugating the antibody to one member of
a binding pair (e.g., biotin) and using a dye conjugated to the
other member of the binding pair (e.g., avidin or streptavidin).
Direct conjugation is preferred, however, in many embodi-
ments. A wide variety of fluorescently labeled antibodies
suitable for use in the present invention are commercially
available from, for example, BD Biosciences (San Jose,
Calif.).

[0054] Alternatively, particularly for the detection of cells,
the detection reagent may consist of a fluorescent compound
that binds to a cellular component, either on the cell surface or
intracellular. In a preferred embodiment, the detection
reagent is a “permeant dye” that is a light emitting compound
capable of permeating cell membrane walls and binding to an
intracellular molecule. Preferably, the permeant dye is a fluo-
rescent nucleic acid binding compound.

[0055] Permeant dyes are known to those of skill in the art.
Preferred permeant dyes are permeant fluorescent nucleic
acid binding compounds that exhibit an increase in fluores-
cence upon binding to nucleic acid, such as, for example,
thiazole orange and analogs thereof (such as those described
in U.S. Pat. Nos. 4,883,867; 4,957,870; 5,656,449; each
incorporated herein by reference); anthraquinone and deriva-
tives thereof (such as DRAQ5™ and others described in U.S.
Pat. No. 6,468,753, incorporated herein by reference); and
SYTO® dyes (described in U.S. Pat. Nos.: 5,436,134 and
5,534,416, both incorporated herein by reference), available
from Molecular Probes (Eugene, Oreg.). Other useful per-
meant dyes include 4',6-diamidino-2-phenylindole (DAPI)
and Hoechst stains.

Focusing Magnet

[0056] Magnetic concentration of magnetic particles is car-
ried out using a focusing magnet that has a tapered pole piece
to concentrate the magnetic flux. The tapered pole piece pref-
erably is conical or frustum-shaped. The focusing magnet
preferably consists of a permanent magnet, typically a rare-
earth magnet (e.g., neodymium or samarium-cobalt), which
has its remnant magnetization perpendicular to the top and
bottom surfaces, and a conical or frustum-shaped magnetic
pole piece made from soft magnetic material, such as, for
example, iron, positioned on the top of magnet. Alternatively,
the focusing magnet can be a one-piece conical or frustum-
shaped permanent magnet, magnetized in a direction parallel
to the axis of the cone.
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[0057] Alternatively, the focusing magnet can be an elec-
tromagnet consisting of a wire coil surrounding a core of a
soft magnetic material, wherein the core as a conical or frus-
tum-shaped end.

[0058] The focusing magnet preferably concentrates the
magnetic particles in the sample into a pellet. The size and
shape of the pellet will be determined by the number and type
of particles added to the sample, which will depend on the
application, the size of the tip of the focusing magnet, and the
distance of the tip from the focusing magnet to the pellet,
which will depend on the thickness of the bottom of the
sample holder. The magnetic particles are drawn to the tip of
a conical focusing magnet. For a frustum-shaped magnet, the
particles are drawn to the edge of the tip of the focusing
magnet, and are concentrated in a ring corresponding to the
diameter of the tip. The size of the tip of the focusing magnet
preferably is no bigger than the expected size of the pellet so
that the particles are concentrated into a single pellet. For
CD4* T cell assays, as described in the examples, the con-
centrated pellet of magnetic particles and magnetically
labeled cells is typically about 500 um to 1 mm in diameter.

DESCRIPTION BASED ON THE FIGURES

[0059] While this invention is satisfied by embodiments in
many different forms, shown in the drawings and described
herein in detail are preferred embodiments of the invention,
with the understanding that the present disclosure is to be
considered as exemplary of the principles of the invention and
is not intended to limit the invention to the embodiments
illustrated.

FIG. 1

[0060] FIG.1 showsanembodiment of an instrument of the
present invention. The instrument comprises a flat sample
holder 102 that holds the sample 100 containing magnetic
particles bound to an analyte, such as cells or molecules. An
optically transmissive cover slip 105 is placed on top of the
sample to decrease and make uniform the depth of the sample.
[0061] The cover slip, preferably made of glass, is placed
over the sample fluid such that the sample fluid will spread to
fill the space between the cover slip and the sample holder.
The size of the cover slip is selected based on the volume of
sample used to provide a uniform depth of sample of the
desired dimension. The shape of the cover slip is not critical,
and standard rectangular cover slips used in microscopy are
suitable.

[0062] Theinstrument further comprises a focusing magnet
adapted to concentrate magnetic particles present in the
sample into a pellet 101 within a detection region 116. The
focusing magnet consists of a permanent magnet 108, which
has its remnant magnetization perpendicular to the top and
bottom surfaces (indicated by the arrow), and a conical or
frustum-shaped magnetic pole piece 110, made from soft
magnetic material, such as, for example, iron, is positioned on
the top of magnet 108. The pole piece 110 concentrates the
magnetic flux from magnet 108 and produces a high gradient
magnetic field, with the highest flux density at the top. In
order to obtain the highest magnetic field amplitude and gra-
dient in the sample, the pole piece 110 is positioned below
sample holder 102 such that the top of the pole piece is
adjacent to, or touching, the bottom of sample holder 102.
The thickness of sample holder 102 preferably is minimized,
while maintaining structural integrity. Preferably, the thick-
ness of sample holder 102 is approximately 0.15 to 0.2 mm.
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[0063] The instrument further comprises an illumination
light source 104, preferably a laser, adapted to provide illu-
mination light onto detection region 116 that encompasses
the region into which the magnetic particles are concentrated.
The illumination light source may contain optics 114 that
focus or shape the illumination beam to limit the region
illuminated to the detection region. In a preferred embodi-
ment, optics 114 is a simple pin-hole device. Illumination
light source 104 can also include a frequency-dependent filter
(not separately shown), such as band-pass filter or a short-
pass filter, to select the range of wavelengths that impinge on
the sample.

[0064] The instrument further comprises a detector 106,
adapted to detect light emitted from detection region 116. The
detector may contain detector optics 112 that focus the light
on the detector and to limit the area from which emitted light
is detected to the detection region 116. In a preferred embodi-
ment, a simple pin-hole device is used to limit the area from
which emitted light is detected to the detection region 116.
The detector optics further include a frequency-dependent
filter, such as band-pass filter or long-pass filter is used to
reduce the amount of scattered excitation light entering the
detector.

[0065] Light emitted from labeled analyte bound to the
magnetic particles concentrated into the detection region 116
is detected by detector 106, which produces an electrical
signal that is a function of the total amount of light measured
from the detection region 116. In a preferred embodiment,
detector 106 is a photodiode. However, other optical detec-
tors, such as a photomultiplier tube (PMT), avalanche photo-
diode (APD), or CCD camera, can be adapted for use in the
present instrument to detect the total amount of light emitted
from detection region 116.

[0066] The concentration of the analyte-bound particles
into a pellet 101 with a volume much smaller than the volume
of the sample 100 effectively separates the analyte of interest
from the majority of the medium and enables measuring the
fluorescence from the pellet largely free of the background
signal generated from other components of the sample. Addi-
tional features of the instrument further reduce the back-
ground signal observed. The illumination optics are adapted
to illuminate only detection region 116. The detection optics
are adapted to measure light emanating essentially only from
the detection region 116. The detection optics further are
adapted to measure light that emitted from the detection
region in a light path essentially perpendicular to the plane of
the sample holder, which minimized the amount of sample the
light passes through before exiting the sample. Each of these
features functions to minimize the contribution to the total
fluorescence caused by components in the sample.

[0067] Inpreferred embodiment, a precisely measured vol-
ume of sample 100 is provided, which facilitates obtaining a
quantitative measurement of the concentration of analyte in
the sample. However, a qualitative measurement can be
obtained without control over the sample volume. For
example, a diagnostic assay in which it is sufficient to detect
the presence of analyte in the sample can be carried out using
a sample having a less precisely measured volume.

FIG. 2

[0068] FIG. 2 shows an alternative embodiment of the
instrument of the present invention incorporating a standard
epifluorescence light path. Beam splitter 216 contains a dich-
roic mirror which reflects the excitation light from light
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source 104 towards the detection region 116. Light emitted
from the fluorescent labels in the sample passed through the
beam splitter towards detector 106.

FI1G.3

[0069] FIGS. 34 and 35 show a cross-sectional view and a
top view, respectively, of an alternative embodiment of the
sample holder of the invention. Sample holder 302 contains
sample chamber 300, formed as a cavity within the sample
holder. A sample entry port and a gas exit port (not shown)
connect sample chamber 300 with the outside of sample
holder 302 to facilitate filling the enclosed chamber with
sample fluid. As shown, the enclosed chamber 300 is disc-
shaped, i.e., circular with a small depth. However, other
shapes may be used. The use of an enclosed sample chamber
of a defined volume enables providing a sample of a prede-
termined volume by simply filling the chamber.

[0070] As shown in FIG. 34, the focusing magnet consist-
ing of magnet 108 and magnet pole piece 110 is positioned
underneath the center of the disc-shaped sample chamber 300
to concentrate the analyte-bound particles into pellet 101 in
the center of the sample chamber. By positioning the focusing
magnet in the center of a round sample chamber, the distance
from the edge of the chamber to the detection region is uni-
form in all directions, which facilitates concentrating the
magnetic particles into the pellet 101 evenly from all regions
of the sample chamber.

[0071] As shown, the sample holder 302 is rectangular to
facilitate manipulation of the sample holder and to facilitate
holding the sample holder in the instrument. However, the
shape and size of the sample holder is not a critical aspect of
the invention.

[0072] The depth of sample chamber 300 preferably is a
shallow as practical without interfering with the concentra-
tion of the analyte-bound magnetic particles. For the concen-
tration of lymphocytes using magnetic particles conjugated to
antibodies that bind to a cell-surface antigen, the depth of the
chamber preferably is about 50 um. The shallow depth of the
sample chamber minimized the amount of sample fluid in the
optical path between the pellet 101 of analyte-bound particles
and the detector, which minimizes the amount of background
signal, thus improving the signal-to-noise ratio obtainable.
[0073] The sample chamber can be made from any suitable
material, such as glass or plastic. In a preferred embodiment,
the sample chamber is made from plastic, such as polysty-
rene, and has a clear (transparent) top to enable optical detec-
tion, and black sides and bottom to minimize ambient or
scattered light from interfering with the detection.

FIG. 4

[0074] FIG. 4 shows across-sectional view of an alternative
embodiment of the sample chamber of the present invention.
Sample holder 402 contains sample chamber 400, formed as
a cavity within the sample holder. A sample entry port and a
gas exit port (not shown) connect sample chamber 400 with
the outside of sample holder 402 to facilitate filling the
enclosed chamber with sample fluid. In this embodiment, the
central portion of the top of the sample chamber 400 is
recessed such that the depth of the sample chamber in this
region is smaller that the depth of the sample chamber in the
periphery. As shown, the central portion of sample chamber
400 is positioned over the magnet 108 and magnet pole piece
110, and pellet 101 of analyte-bound magnetic particles is
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formed in this central area, which corresponds to the detec-
tion region. By reducing the depth of a region of the sample
chamber corresponding to the detection region, the light path
from pellet 101 towards the detection optics (i.e., vertically,
as shown in the figure) passes through a minimal amount of
sample fluid. For the concentration of lymphocytes using
magnetic particles conjugated to antibodies that bind to a
cell-surface antigen, the depth of the chamber in the region
corresponding to the detection region preferably is about 50
pm.

[0075] This embodiment of the sample chamber has several
advantages. By minimizing the sample chamber depth in the
detection region, the background signal caused by residual
sample surrounding pellet 101 is minimized. Furthermore,
the use of a greater depth in the periphery of the chamber
allows using a larger total sample volume without increasing
the diameter of the sample chamber and, consequently, with-
out increasing the distance that the magnet must move the
magnetic particles during the concentration step.

[0076] As shown in FIG. 4, the central portion of the top of
the sample chamber is recessed. However, other shapes of the
sample chamber can be used, as long as the concentration of
magnetic particles occurs in a detection region having a depth
less than the depth elsewhere in the chamber. For example,
this detection region can be positioned at an edge of the
sample chamber, or can be positioned outside the main
sample chamberin alateral protrusion of the sample chamber.
Furthermore, the decrease in sample chamber depth can be
achieved either by a recess in the top of the sample chamber,
a raised portion in the floor of the sample chamber, or both.

FIG. 5

[0077] FIGS. 5¢ and 556 show cross-sectional views of an
alternative embodiment of the present invention in which a
reduction of depth of the sample chamber in the detection
region is achieved after concentration of the analyte-bound
magnetic particles by compression of the sample chamber.
Enclosed sample chanmber 500 is formed as a cavity within
sample holder 502. In this embodiment, the bottom surface of
the chamber is made of a flexible material. As shown in FIG.
5a, magnetic concentration of the analyte-bound magnetic
particles to form pellet 101 is carried out in the uncompressed
chamber. As shown in FIG. 55, after concentration, the focus-
ing magnet consisting of magnet 108 and magnet pole piece
110 is moved relative to the sample chamber to compress the
sample chamber in the detection region, thus minimizing the
amount of sample fluid present in the optical path prior to
detection.

[0078] Equivalently, the compression of the sample cham-
ber can be achieved by pressing the top surface of the sample
chamber. Either the top surface or the bottom surface of the
sample chamber, or both surfaces can be made of a flexible
material. Compression can be achieved by raising the magnet
pole piece, by lowering the sample chamber, by lowering a
structure just above the sample chamber, or by any other
method that achieves compression of the sample chamber
around the detection region.

FIGS. 6 and 7

[0079] FIGS. 6 and 7 show an alternative embodiment of
the invention in which after the analyte-bound magnetic par-
ticles are concentrated into a pellet, the pellet is moved from
the sample chamber into a separate detection region or cham-
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ber by moving the concentrating magnet relative to the
sample chamber. Movement of the particle pellet is achieved
by moving the magnet laterally with respect to the sample
chamber, either by moving the magnet, or by moving the
chamber, or both. The detection chamber contains a detection
fluid, preferably an optically clear, non-fluorescent fluid that
is immiscible with the sample fluid. Movement of the particle
pellet out of the sample chamber into the detection chamber
positions the pellet in an optically clear, non-fluorescent fluid
environment and, thereby, reduces the background signal.
[0080] FIG. 6 shows a top view of a sample chamber holder
602 that contains a sample chamber 620 connected through
channel 624 to detection chamber 622. The width of channel
624 is sufficient to enable passage of the pellet of concen-
trated magnetic particles through the channel. Detection
chamber 622 is filled with a detection fluid, preferably an
optically clear, non-fluorescent fluid that is immiscible with
the sample fluid. For example, the detection fluid can be a
clear oil, such as mineral oil or the like. Chamber 620 is filled
with sample fluid. The sample fluid and detection fluid remain
unmixed and in their respective chambers due to the immis-
cibility of the fluids and the restricted channel connecting the
chambers.

[0081] FIGS. 7a and 76 show a top-angled view of the
sample chamber of FIG. 6 as used in the present methods. In
FIG. 7a, the magnet pole piece 110 is located underneath the
sample chamber 620, and the analyte-bound magnetic par-
ticles are concentrated into a pellet 101, positioned above the
pole. After concentration, the location of the magnetic pole is
moved along the bottom of the sample chamber through
channel 624 and into detection chamber 622. FIG. 75 shows
the final position of the magnet pole underneath detection
chamber 622, with pellet 101 of analyte-bound particles now
in the detection chamber.

FIG. 8

[0082] FIG. 8shows across-sectional view of an alternative
embodiment of the sample chamber of the present invention.
Enclosed sample chamber 800 is formed as a cavity within
sample holder 802. In this embodiment, a droplet 803 of
optically clear detection fluid that is immiscible in sample
fluid is located within the sample chamber in the region
corresponding to the detection region. The droplet of detec-
tion fluid can be held in place by capillary action or by the
surface properties of the sample holder, e.g., by making the
inner surface of the detection region of the sample chamber
hydrophobic to hold an oil detection fluid. Alternatively, the
droplet of detection fluid can be held in place by partial
partition or septa, formed in the upper surface of the chamber
so as not to interfere with the movement of particles into the
detection region.

[0083] Sample fluid is added to the sample chamber 800 to
fill the region surrounding the droplet of detection fluid. Then,
magnetic concentration of the analyte-bound magnetic par-
ticles to form pellet 101 is carried out using the focus magnet
consisting of magnet 108 and pole piece 110 positioned
below droplet of detection fluid in the detection region of the
sample chamber. Movement of the particles into the detection
region over the magnetic pole 110 results in the pellet 101
being formed inside droplet 803.

FIG. 9

[0084] FIGS. 9a and 95 show a cross-sectional view and a
top view, respectively, of an alternative embodiment of the
sample chamber shown in FIG. 4. Sample holder 902 contains
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sample chamber 900 with a recessed portion in top of the
sample chamber over the detection region. A sample entry
port 905 and a gas exit port 907 connect sample chamber 900
with the outside of sample holder 902 to facilitate filling the
enclosed chamber with sample fluid. The sample entry port
905 and gas exit port 907 are located on the periphery of the
sample chamber adjacent to each other. The sample chamber
includes septum 903 from the periphery of the chamber
between the sample entry port and the gas exit port to about
the periphery of the detection region, such that fluid cannot
travel directly from the sample entry port to the gas exit port.
The septum facilitates filing of the sample chamber with
sample fluid by directing sample fluid around the periphery of
the chamber, which lessens the chance of trapping an air
bubble in the chamber. Additionally, the septum provides
structural support for the upper surface of the chamber, sta-
bilizing its position and the depth of the detection region.

FIG. 10

[0085] FIGS.10a and 105 show cross-sectional views of an
alternative embodiment of the present invention in which the
analyte-bound magnetic particles from the entire sample
chamber are concentrated into a detection region at the
periphery of the main sample chamber. Enclosed sample
chamber 1020, formed as a cavity within sample holder 1002,
contains a detection region 1022 having reduced depth that
projects out from the main sample chamber. Concentration of
the analyte-bound magpetic particles from the entire sample
chamber is achieved using the focusing magnet consisting of
magnet 108 and magnet pole piece 110 positioned under the
detection region. The shallow depth of the detection region
minimized the amount of sample fluid present in the optical
path.

[0086] It was observed that, using a rare earth focusing
magnet, concentration of magnetic particles in a liquid
sample can occur over distances greater than 1 cm. In pre-
ferred embodiments of the present invention, the sample
chamber will hold on the order of 10-100 ul and the diameter
of the chamber will be less than 1 cm. The field generated by
the focusing magnet typically will be strong enough to con-
centrate the analyte-bound magnetic particles from the entire
sample chamber into the detection region positioned at the
periphery of the sample chamber using a statically placed
focusing magnet.

EXAMPLES
Example 1
CD4* T Cell Concentration Assay
Antibody Labeling
Instrument

[0087] Assays were carried out using an instrument essen-
tially as shown in FIG. 11.

[0088] A rectangular sample holder 1102 containing a
sample chamber essentially as shown in FIG. 4 was used. The
diameter of the sample chamber was about 7 mm, and the total
volume of the sample chamber was about 20 pl. The detection
region was a region about 2 mm in diameter in the center of
the sample chamber. The upper surface of the sample cham-
ber was recessed about 700 um below the upper surface over
the perimeter of the sample chamber such that the depth of the
sample chamber in the detection region was about 50 pm. The
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sample holder was carried in a sample holder carrier 1105,
which facilitated inserting the sample chamber into the
instrument and shielded the sample chamber from ambient
light. Once inserted, the sample chamber was position
directly over the focusing magnet 1109.

[0089] The focusing magnet consisted of a cylindrical
(disc) magnet with an iron cone positioned top of the magnet.
The magnet was a samarium cobalt, 3700 gauss magnet 0.25
inches in diameter and 0.2 inches in depth, from Edmunds
Optics (Barrington, N.J.). An iron cone having a base diam-
eter of 0.25 inches and a height of 0.175 inches was position
on top of the magnet.

[0090] The excitation light was from a 650 nm, 5 mW laser
diode 1104 positioned to project a beam onto the sample
chamber.

[0091] A photodiode 1106 detector was positioned above
the sample chamber to detect light emitted from the detection
region. The output voltage from the photodiode was amplified
and displayed on a digital voltmeter (not shown).

[0092] A pin-hole aperture 1114 was positioned over the
sample detection region to limit the region exposed to the
excitation light and to minimize the light detected from out-
side the detection region. The aperture was a 1.8 mmx2.7 mm
oval hole in a thin copper strip, 0.15 mm thick, with the long
axis of the oval aligned with the photodiode and the laser to
allow for illumination of the sample by the laser beam enter-
ing at a 45 degree angle.

[0093] An acrylic ball 1115, 34" in diameter, was posi-
tioned over the pinhole to focus the emitted light towards the
photodiode. Two 695 nm long-pass filters 1112 were posi-
tioned between the ball and the photodiode to filter out scat-
tered excitation light. The filters, each 12 mmx12 mm, were
cut from a commercially available 2"x2" filter (Edmund
Optics, Barrington, N.I.).

Reagents

[0094] Commercially available CD4 antibody-coated mag-
netic particles (BD Imag™ beads, BD Biosciences, San Jose,
Calif.) were used as magnetic capture reagents.

[0095] Commercially available CD3 antibodies conjugated
to APC (BD Bioscience, San Jose, Calif.) were used as detec-
tion reagents.

Standard Samples

[0096] In order to generate a standard curve correlating
measured fluorescence with the concentration of CD4* T
cells, a series of whole blood samples were created, each
containing a known concentration of CD4* T cells. The series
of standard samples were created to encompass a medically
significant range of CD4™ T cell concentrations. The series of
whole blood samples containing known concentrations of
CD4* T cells were created by mixing various proportions of
first sample of whole blood in which the CD4* T cells had
been independently measured and a second sample of whole
blood in which the CD4" T cells had been removed. The
concentration of CD4™ T cells in the first whole blood sample
from a healthy individual (i.e., normal CD4 count) was mea-
sured by flow cytometry using BD Tritest™ reagents ona BD
FACSCalibur™ flow cytometer (BD Biosciences, San Jose,
Calif.). The second, CD4" T cell-depleted whole blood
sample was created by magnetically separating CD4* T cells
from whole blood using BD Imag™ beads (BD Biosciences,
San Jose, Calif.), essentially following the product instruc-
tions. By combining portions of the whole blood sample
containing a known concentration of CD4™ T cells and the
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sample of CD4™ T cell-depleted whole blood, a series of
whole blood samples were created containing from 0 to 600
CD4* T cells per wl of blood, in intervals of 100.

Assay

[0097] For each assay, 100 pL. of whole blood were com-
bined with 20 pg of CD4 antibody-coated magnetic particles
(capture reagent) and 5 uL. of 5 pg/ml. of APC-labeled CD3
antibodies (detection reagent) and incubated at room tem-
perature for 30 minutes with agitation to allow for binding of
the reagents to the cells. Then, 20 pl. of the mixture was
transferred to the sample chamber. The sample chamber was
inserted into the instrument such that the focusing magnet
was positioned directly underneath the detection region, and
magnetic concentration was allowed to proceed for one
minute. Following concentration, the emission from the con-
centrated, labeled cells was measured.

[0098] As noted above, the output voltage from the photo-
diode was amplified and displayed on a digital voltmeter.
Although this output voltage corresponds to the amount of
fluorescence emission measured, the numerical value
reported depends on various instrument-dependent factors,
such as the sensitivity and efficiency of the photodiode and
the amount of signal amplification. For a given instrument,
the measured output voltage provides a relative measure of
the relative fluorescence emission from different samples,
and is herein reported as measured in relative fluorescence
units (RFU).

Standard Curve

[0099] Assays were carried out using each of the standard
samples, described above. Assays of each sample were car-
ried outin triplicate. The average and standard deviation (SD)
of the fluorescence measurements from each sample (RFU)
are provided in table 1, below, and in FIG. 12. In FIG. 12, the
error bars shown are +1 SD.

TABLE 1

Total Fluorescence (RFU)

CD4" Tecells/ul  Replicate 1~ Replicate 2 Replicate 3 mean SD
0 194 151 172 162 15

133 266 218 223 221 4

266 237 292 289 291 2

400 309 322 297 310 18

533 268 353 386 370 23

666 360 368 334 351 24

[0100] The data show that the measurement of the total
fluorescence from labeled, magnetically concentrated CD4*
T cells correlates well with the number of CD4* T cells in the
sample.

[0101] A standard curve was generated from the data
obtained from the standard samples by fitting the data to the
line,

RFU=C,[kD4* Teells]+C,,

where [CD4™ T cells] is the concentration of CD4* T cells,
and C, and C, are constants obtained from fitting the data to
the line. The standard curve is depicted in FIG. 12.

Patient Samples

[0102] Samples of whole blood from different four patients
were analyzed both using the assay described and by flow
cytometry, both as described, above. The concentration of
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CD4* T cells in each patient sample was calculated from the
measured RFU using the standard curve obtained from stan-
dard samples, as follows:

[CD4* T cells] ~(RFU,-C,)/C),

where the subscript p refers to values corresponding to the
patient sample. The data are shown in table 2, below.

TABLE 2
Patient Number of CD4* T-cells in 1 ul of blood
Sample Flow CD4* T cell concentration assay:
D cytometry antibody labeling
930 78 619
3090 439 461
4090 352 381
5035 463 281
[0103] The data show that the measurements of the concen-

tration of CD4™ T cells in the patient samples correlated well
with the measurement carried out using flow cytometry.

Example 2
CD4* T Cell Concentration Assay
DNA-Dye Labeling

[0104] This example describes the use of a nucleic acid
stain to fluorescently label all cells in the sample. The instru-
ment and assay methods were essentially as described in
example 1, with the exception of the changes described,
below.

Reagents

[0105] Commercially available CD4 antibody-coated mag-
netic particles (BD Imag™ beads, BD Biosciences, San Jose,
Calif)) were used as magnetic capture reagents, as described
in example 1.

[0106] A permeant DNA-binding dye, DRAQS (Biostatus
Ltd.,, Leicestershire, England) was used as a detection
reagent. Use of this dye results in the labeling of all nucleated
cells in the blood sample.

Assay

[0107] Sample of whole blood were pretreated to selec-
tively remove monocytes. Removal of monocytes was carried
by magnetic depletion using CD14 antibody-coated magnetic
particles (BD Imag™ beads, BD Biosciences, San Jose,
Calif.) following the manufacturer’s instructions.

[0108] For each assay, 100 L. of whole blood were com-
bined with 20 pg of CD4 antibody-coated magnetic particles
(capture reagent) and 10 uL, of 50 pmolar DRAQ-5 (detection
reagent) and incubated at room temperature for 30 minutes
with agitation to allow for binding of the reagents to the cells.
Then, 10 pl of the stained sample was diluted with 10 uL of
buffer (PBS, 0.1 g/l TWEEN™ 20 [polyoxyethylene(20)sor-
bitanmonolaurate], 0.1% sodium azide, 1.5% Fetal Bovine
Serum, pH 7.4), and the resulting 20 pl sample was trans-
ferred to the sample chamber. The sample chamber was
inserted into the instrument such that the focusing magnet
was positioned directly underneath the detection region, and
magnetic concentration was allowed to proceed for one
minute. Following concentration, the output of the photode-
tector was measured and reported as RFU.

Dec. 31, 2009

Standard Curve

[0109] Assays were carried out using each of the standard
samples, described above. Assays were carried out in dupli-
cate. Because of the dilution step included in sample prepa-
ration, the number of cells per pl in each standard assay is half
that of the corresponding assay described in example 1. The
average and standard deviation (SD) of the fluorescence mea-
surements from each sample (RFU) are provided in table 3,
below, and in FIG. 13. In FIG. 13, the error bars shown are =1
SD.

TABLE 3

CD4* T Total Fluorescence (RFU)
cells/ul Replicate 1 Replicate 2 Average  SD
0 626 690 658 45
67 739 776 758 26
133 858 804 831 38
200 908 863 886 32
266 938 894 916 31
333 959 (not recorded) 959 0

[0110] The data show that the measurement of the total

fluorescence from labeled, magnetically concentrated CD4*
T cells correlates well with the number of CD4™ T cells in the
sample.

[0111] A standard curve was generated from the data
obtained from the standard samples by fitting the data to the
line, as described above. The standard curve is depicted in
FIG. 13.

Patient Samples

[0112] Samples of whole blood from four different patients
were analyzed both using the assay described and by flow
cytometry, both as described, above. The concentration of
CD4* T cells in each patient sample was calculated from the
measured RFU using the standard curve obtained from stan-
dard samples, as described, above. The data are shown in table
4, below.

TABLE 4

Number of CD4* T-cells in 1 ul of blood

Sample Flow CD4* T cell concentration assay:
D cytometry DNA-dye labeling
930 578 438
3090 439 316
4090 352 293
5035 463 303

[0113] The data show that the measurements of the concen-
tration of CD4" T cells in the patient samples correlated well
with the measurement carried out using flow cytometry.

We claim:
1. An optical instrument for the analysis of an analyte
contained in a fluid sample, comprising;

A sample holder containing a sample chamber having a
volume of less that about 100 pl and containing a detec-
tion region having a vertical depth of less than about 100
pm, wherein said top surface said chamber over said
detection region is optically clear;
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A focusing magnet having a tapered pole piece, wherein
said pole piece is tapered to less that about 100 pm;
wherein said focusing magnet is position below said
detection region of said sample chamber;

An excitation light source adapted to illuminate said detec-
tion region through said optically clear top surface of
said sample chamber over said detection region;

Detection optics adapted to detect light emitted from said
detection region through said optically clear top surface
of said sample chamber over said detection region and
produce a signal corresponding to the amount of light
detected.

2. The instrument of claim 1 wherein said focusing magnet
consists of a permanent magnet and a conical or frustum-
shaped cone made from a soft-magnetic material.

3. The instrument of claim 1 wherein the depth of the
sample chamber in said detection region is less than the depth
of the sample chamber outside the detection region.

4. The instrument of claim 1 wherein said the top surface of
said sample chamber has a depression over said detection
region such that the depth of said sample chamber in said
detection region is less than the depth of the sample chamber
outside the detection region.

5. The instrument of claim 1 wherein said detection optics
contains a photodiode adapted to detect light emitted from
said detection region through said optically clear top surface
of said sample chamber over said detection region.

6. The instrument of claim 1, further comprising an aper-
ture interposed between said sample chamber and said detec-
tion optics to block light emitted from sample chamber out-
side said detection region from entering said detection optics.

7. The instrument of claim 1, wherein said sample chamber
further comprises a septum adapted to direct the flow of
sample introduced into said chamber.

8. The instrument of claim 1, wherein said sample chamber
further comprises a drop of a detection fluid, wherein said
detection fluid is optically clear and immiscible in said fluid
sample, and wherein said drop is positioned in said detection
region.

9. The instrument of claim 3, wherein said sample chamber
further comprises a drop of a detection fluid, wherein said
detection fluid is optically clear and immiscible in said fluid
sample, and wherein said drop is positioned in said detection
region.

10. A homogeneous method of analyzing the amount of
analyte contained in a fluid sample, comprising

(a) contacting said fluid sample with a magnetic capture
reagent and a optically detectable detection reagent,
wherein said magnetic capture reagent consists of a
magnetic particle bound to at least one analyte-specific
binding reagent, such that magnetic complexes are
formed by the binding of said magnetic capture reagent
and said detection reagent to analyte present in said fluid
sample;

(b) adding said sample to a sample chamber, wherein said
sample chamber has a volume of less that about 100 pl
and containing a detection region having a vertical depth
of less than about 100 pm, wherein said top surface said
chamber over said detection region is optically clear;

(¢) positioning a focusing magnet having a tapered pole
piece, wherein said pole piece is tapered to less that
about 100 um, below said detection region of said
sample chamber, such that magnetic complexes are con-
centrated into a pellet in said detection region;

10
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(d) exposing said magnetic complexes to an excitation light
from an excitation light source adapted to illuminate
said detection region through said optically clear top
surface of said sample chamber over said detection
region;

(e) measuring light emitted from said detection region
through said optically clear top surface of said sample
chamber over said detection region; and

() determining the amount of analyte contained in said
sample from the measured light emitted from said detec-
tion region;

wherein said sample fluid is not removed from said sample
chamber after step (b).

11. The method of claim 10, wherein step (f) comprises the
step of comparing said light emitted from said detection
region to a plurality of calibration measurements, wherein
said calibration measurements are obtained by carrying out
steps (a) through (e) using a plurality of calibration samples,
each calibration sample containing a known amount of ana-
lyte, to obtain a plurality of calibration measurements of light
emitted corresponding to a known amount of analyte.

12. The method of claim 11, wherein said magnetic capture
reagent consists of a magnetic particle bound to at least one
analyte-specific binding reagent that is an antibody.

13. The method of claim 12, wherein said optically detect-
able detection reagent consists of an analyte-specific anti-
body bound to a fluorescent dye.

14. The method of claim 12, wherein said optically detect-
able detection reagent consists of a fluorescent dye that binds
to said analyte.

15. The method of claim 10, wherein said analyte in a fluid
sample is an immune cell in a sample of biological fluid.

16. A method of analyzing the amount of CD4* T cells
contained in a fluid sample derived from whole blood, com-
prising

(a) contacting said fluid sample with a magnetic capture

reagent and an optically detectable detection reagent,
wherein said magnetic capture reagent consists of a
magnetic particle bound to at least one binding reagent
that binds to a molecule present on the surface of CD4*
T cells, such that magnetic complexes are formed by the
binding of said magnetic capture reagent to said mol-
ecule present on the surface of CD4* T cells and said
detection reagent to said CD4* T cells;

(b) adding said sample to a sample chamber, wherein said
sample chamber has a volume of less that about 100 pl
and containing a detection region having a vertical depth
of less than about 100 pm, wherein said top surface said
chamber over said detection region is optically clear;

(c) positioning a focusing magnet having a tapered pole
piece, wherein said pole piece is tapered to less that
about 100 um. below said detection region of said
sample chamber, such that magnetic complexes are con-
centrated into said detection region;

(d) exposing said magnetic complexes to an excitation light
from an excitation light source adapted to illuminate
said detection region through said optically clear top
surface of said sample chamber over said detection
region,;

(e) measuring light emitted from said detection region
through said optically clear top surface of said sample
chamber over said detection region; and
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(D determining the amount of analyte contained in said
sample from the measured light emitted from said detec-
tion region;

wherein said sample fluid is not removed from said sample
chamber after step (b).

17. The method of claim 10, wherein step (f) comprises the
step of comparing said light emitted from said detection
region to a plurality of calibration measurements, wherein
said calibration measurements are obtained by carrying out
steps (a) through (e) using a plurality of calibration samples,
each calibration sample containing a known amount of CD4*
T cells, to obtain a plurality of calibration measurements of
light emitted corresponding to a known amount of CD4* T
cells.

18. The method of claim 16, wherein said magnetic capture
reagent consists of a magnetic particle bound to at least one
analyte-specific binding reagent that is an antibody.

Dec. 31, 2009

19. The method of claim 18, wherein said optically detect-
able detection reagent consists of an analyte-specific anti-
body bound to a fluorescent dye.

20. The method of claim 18, wherein said optically detect-
able detection reagent consists of a fluorescent dye that binds
to said analyte.

21. The method of claim 19, wherein said magnetic capture
reagent consists of a magnetic particle bound to an antibody
that is specific to CD4 of CD3.

22. The method of claim 16, wherein said sample chamber
further comprises a drop of a detection fluid, wherein said
detection fluid is optically clear and immiscible in said fluid
sample, and wherein said drop is positioned in said detection
region, such that when magnetic complexes are concentrated
into said detection fluid in said detection region.

% ok ok sk ok



THMBW(EF)

[ i (S RIR) A ()

RIB(ERR)AGE)

HERB(ERR)AE)

LL-EEPN

RBA

IPCH %S
CPCH(S
£ AR

H AT 3R
ShEREESE

BEG®)

RERIERTBTRNN/IERREE RPN INNENT L. F
REHRETEANMMIRNXENEREN, EAREESHETAH
PERRLNS 0 AT D REATREMERRAC | 8 P 30 16 SR R L A U st 57 mT A U

PRIFRL T4 23 47
US20090325192A1 K (AE)B
US12/316707 BRiEA

KIRAKOSSIAN HRAIR
RFIF
PETRY & h 87

KIRAKOSSIAN HRAIR
RiILFE
PETRYE#&h &7

=iV

KIRAKOSSIAN HRAIR
YU LIPING
PETRY DOUGLAS A

KIRAKOSSIAN, HRAIR
YU, LIPING
PETRY, DOUGLAS A.

GO1N33/53 GO1N21/00 GO1N33/553 GO1N33/543

patsnap

2009-12-31

2008-12-15

BO1L3/508 B0O1L2200/0668 GO1N33/54333 B01L2400/043 GO1N21/6428 B01L2300/0822

61/010686 2008-01-10 US

US7927561

Espacenet USPTO

MARE D M. EAMTHERERNXE T HOREMATHEREN 1114

DR BENAC N X P ERAMNTH @ERN XN AR 3R
HNERB Y, BT OURFRNXE | 3 B TR XSRS
MAZRBAET REMMEN X RS, £ MUERNKES R
o, ARRBARMAT —FEE | RENNEE , BTNEL N RFCD4
+ THRZHRE

Naa—as RRTAIREIEILRRERARNY

1109 1102


https://share-analytics.zhihuiya.com/view/799df73a-b7cd-44ba-92d8-73b5ac1cddd2
https://worldwide.espacenet.com/patent/search/family/040474937/publication/US2009325192A1?q=US2009325192A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220090325192%22.PGNR.&OS=DN/20090325192&RS=DN/20090325192

