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METHODS AND APPARATUS FOR
MAGNETIC MULTI-BEAD ASSAYS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a divisional application based
on U.S. patent application Ser. No. 16/467,474 filed on Jun.
6, 2019 entitled METHODS AND APPARATUS FOR
MAGNETIC MULTI-BEAD ASSAYS, which 1n turn 1s a
national stage application, filed under 35 U.S.C. § 371, of
International Patent Application No. PCT/US17/68126 filed
on Dec. 22, 2017 entitled METHODS AND APPARATUS
FOR MAGNETIC MULTI-BEAD ASSAYS, which claims
the benefit of U.S. Provisional Patent Application No.
62/438,593 filed on Dec. 23, 2016 entitled METHODS AND
APPARATUS FOR MAGNETIC MULTI-BEAD ASSAYS.
The entire contents of the above applications are 1corpo-
rated herein by reference 1n their entirety.

GOVERNMENT SUPPORT

[0002] This invention was made with government support
under contract number HR0011-14-C-0020 awarded by the
Defense Advanced Research Projects Agency of the Depart-
ment of Defense. The government has certain rights 1n the
invention.

BACKGROUND

[0003] Enzyme linked immunosorbent assay (ELISA) has
been an industry wide standard research technique used for
measuring protein analytes from biological matrices since its
introduction in the 1960s. In 1ts basic conception, two
antibodies (immunoglobulins) are used to capture a single
protein analyte. The resulting immunocomplex 1s 1dentified
and measured using an enzyme and reporter bufler. The
enzyme 1s typically bound to one of the antibodies through
covalent binding. The enzyme, when incubated 1n the pres-
ence ol the reporter bufler, converts the substrate to a
functional reporter which can be measured analytically by
spectrophotometric means.

[0004] Current state of the art ELISA-related technologies
are replacing the plate-based format with a single-bead-
based format. Single-bead-based ELISAs have one antibody
that 1s bound to a solid surface, typically a bead, and the
second antibody 1s labeled with biotin. The capture bead
contains material that allows it to be easily manipulated by
an applied magnetic field, including separating the bead and
any analytes bound to the bead from a sample suspension.
This process, called magnetic separation, 1s well known 1n
the art and may be used to concentrate the target analyte and
to remove unbound material such as unwanted proteins that
may contribute to signal background. Compared to tradi-
tional ELISAs, single-bead-based ELISAs can provide
improved sensitivity to target analytes with lower back-
ground and in a shorter amount of time.

[0005] Nevertheless, there 1s a need for continuing
improvement in sensitivity and specificity to target analytes.

BRIEF SUMMARY

[0006] Various embodiments disclosed herein relate to
methods and apparatus for detecting a complex including an

analyte 1n a sample by observing complexes containing two
or more distinguishable beads (i.e., beads of diflerent types)
that are bound by the analyte. In accordance with one or
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more embodiments, a bead-based magnetic assay system for
detecting a complex including an analyte based on optically
detected magnetic resonance (ODMR) includes a plurality
of functionalized beads of a first type, which are magnetic
functionalized beads and are functionalized to include a first
moiety that associates with an analyte under suitable con-
ditions, a plurality of functionalized beads of a second type,
which are functionalized to include a second moiety that
associates with the analyte under suitable conditions, a
substrate including at least one ODMR center, a light source
configured to generate incident light that excites electrons
within the at least one ODMR center from a ground state to
an excited state, a magnet for applying a bias magnetic field
on a complex disposed over the at least one ODMR center,
the complex including one of the first type of functionalized
bead, the analyte, and one of the second type of function-
alized bead. The system further includes a microwave source
configured to generate a microwave field incident on the at
least one ODMR center, the microwave source being further
configured to generate the microwave field with frequencies
that correspond to ground state transitions 1n the at least one
ODMR center, 1n which the at least one ODMR center
produces emitted light when illuminated by the incident
light, characteristics of the emaitted light being influenced by
the microwave field and by the magnetic functionalized bead
associated with the analyte 1n the complex, and an optical
photodetector that detects light emitted by the at least one
ODMR center. In some embodiments, the at least one
ODMR center can be a silicon vacancy center in a silicon
carbide lattice. In other embodiments, the at least one
ODMR center can be a silicon vacancy center 1n a diamond
lattice. In still other embodiments, the at least one ODMR
center can be a nitrogen-vacancy center 1n a diamond lattice.
In certain embodiments, the at least one ODMR center can
be formed 1n an upper surface of the substrate. In some
embodiments, the at least one ODMR center can be a
plurality of ODMR centers formed in the upper surface of
the substrate. In these embodiments, the optical photodetec-
tor can be an optical 1maging system having an imaging
sensor that images the emitted light from the plurality of
ODMR centers. In certain embodiments, each of the first and
the second moiety can be a receptor, protein, antibody, cell,
virus, or nucleic acid sequence. In some embodiments, the
functionalized beads of the first type can be superparamag-
netic functionalized beads including a superparamagnetic
material. In certain embodiments, the functionalized beads
of the first type can include a nonmagnetic layer encapsu-
lating the superparamagnetic material. In some embodi-
ments, the superparamagnetic functionalized beads can
include 1ron oxide particles. In certain embodiments, the
functionalized beads of the first type can comprise magnetic
nanoparticles disposed within a polymer substrate. In other
embodiments, the functionalized beads of the first type can
comprise magnetic nanoparticles disposed on a surface of a
polymer substrate. In some embodiments, the functionalized
beads of the second type can be fluorescent functionalized
beads. In other embodiments, the functionalized beads of the
second type can be magnetic functionalized beads including
a quantity of magnetic material distinguishable from the
functionalized beads of the first type. In still other embodi-
ments, the functionalized beads of the second type can be
magnetic functionalized beads, the second type of function-
alized beads including a magnetic property distinguishable
from the functionalized beads of the first type. In some
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embodiments, the functionalized beads of the first type can
be superparamagnetic functionalized beads including a
superparamagnetic material. In certain embodiments, the
tfunctionalized beads of the first type can include a nonmag-
netic layer encapsulating the superparamagnetic material. In
some embodiments, the functionalized beads of the second
type can be ferromagnetic functionalized beads including a
ferromagnetic material. In certain embodiments, the func-
tionalized beads of the second type can include a nonmag-
netic layer encapsulating the ferromagnetic maternial. In
some embodiments, each of the first type of functionalized
beads and the second type of functionalized beads can have
a diameter 1 a range of between 50 nm and 10 um. In certain
embodiments, each of the diameters of the functionalized
beads of the first type and the second type can be 1n a range
of between 0.5 uym and 5 um. In some embodiments, the
diameter of the functionalized beads of the first type can be
similar to the diameter of the functionalized beads of the
second type. In other embodiments, the diameter of the
functionalized beads of the first type can be diflerent from
the diameter of the functionalized beads of the second type
by at least 50%. In some embodiments, the system can
turther include a plurality of functionalized beads of at least
a third type, functionalized to include at least the second
moiety that associates with at least a second analyte under
suitable conditions. In certain embodiments, the system can
turther include a plurality of functionalized beads of a fourth
type, functionalized to include the second moiety that asso-
ciates with the second analyte under suitable conditions. In
some embodiments, the functionalized beads of the first
and/or second type can further include at least one additional
moiety that associates with the second analyte under suitable
conditions. In certain embodiments, the system can further
include a third moiety that associates with a third analyte
under suitable conditions, wherein the functionalized beads
of the first type are further functionalized to include the
second moiety, and the functionalized beads of the second
type are further functionalized to 1nclude the third moiety.

[0007] In accordance with one or more embodiments, a
method of detecting a complex including an analyte includes
contacting a sample 1n a solution with a population of
functionalized beads of a first type, which are magnetic
functionalized beads and are functionalized to include a first
moiety that associates with an analyte under suitable con-
ditions, contacting the sample solution with a population of
functionalized beads of a second type, which are function-
alized to include a second moiety that associates with the
analyte under suitable conditions, contact resulting 1n for-
mation of a complex including one of the first type of
functionalized bead, the analyte, and one of the second type
of functionalized bead, and detecting the complex including
the analyte by detecting magnetic fields produced by the
magnetic functionalized bead and by detecting the function-
alized bead of the second type associated with the analyte 1n
the complex. In some embodiments, the method can further
include disposing the sample solution including the complex
over a substrate that includes at least one optically detected
magnetic resonance (ODMR) center formed in the substrate,
exciting electrons within the at least one ODMR center from
a ground state to an excited state with incident light,
applying a bias magnetic field on the complex, and gener-
ating a microwave field incident on the at least one ODMR
center, the microwave field including frequencies that cor-
respond to ground state transitions 1n the at least one ODMR
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center, wherein detecting the complex including the analyte
further includes analyzing light emitted by the at least one
ODMR center, characteristics of the emitted light being
influenced by the microwave field and by the magnetic
functionalized bead associated with the analyte 1n the com-
plex. In some embodiments, the at least one ODMR center
can be a nitrogen-vacancy center in a diamond lattice. In
certain embodiments, the at least one ODMR center can be
formed 1n an upper surface of the substrate. In some embodi-
ments, the at least one ODMR center can be a plurality of
ODMR centers formed in the upper surface of the substrate.
In these embodiments, analyzing light emitted by the plu-
rality of ODMR centers imncludes imaging the emitted light.
In certain embodiments, the method can further include
applying a magnetic field gradient to the sample solution
after contacting the sample with the population of function-
alized beads of the first type. In some embodiments, apply-
ing the magnetic field gradient to the sample solution can be
performed after contacting the sample solution with the
population of functionalized beads of the second type. In
certain embodiments, the population of functionalized beads
of the first type and the population of functionalized beads
of the second type can be added to the sample solution
sequentially. In some embodiments, the functionalized
beads of the second type can be fluorescent functionalized
beads, and the method can further include illuminating the
complex with incident light that excites fluorescence within
the functionalized beads of the second type and tluorescence
imaging of the complex. In other embodiments, the func-
tionalized beads of the second type can be magnetic func-
tionalized beads, including a magnetic property distinguish-
able from the functionalized beads of the first type. In some
embodiments, the method can further include applying a
magnetic field gradient to the sample solution after contact-
ing the sample solution with the functionalized beads of the
first and second types. In certain embodiments, the method
can further include varying the magnetic field gradient
applied to the sample solution. In some embodiments, the
method can further include concentrating the sample solu-
tion after contacting the sample solution with the population
of functionalized beads of the second type. In certain
embodiments, the method can further include agglomerating
a plurality of functionalized beads of the first and second
types, after contacting the sample solution with the popula-
tion of functionalized beads of the second type, before
detecting the complex. In some embodiments, the method
can further include dehydrating the sample solution after
disposing the sample solution over the diamond substrate.

[0008] In accordance with one or more embodiments, a
bead-based assay system for detecting a complex including
an analyte includes a plurality of functionalized beads of a
first type, which are magnetic functionalized beads and are
functionalized to include a first moiety that associates with
an analyte under suitable conditions, a plurality of function-
alized beads of a second type, which are fluorescent func-
tionalized beads, and are functionalized to include an unla-
beled moiety that associates with the analyte under suitable
conditions, a light source configured to generate incident
light that excites fluorescence within the functionalized
beads of the second type, and an optical fluorescence detec-
tor that detects fluorescence emitted by the functionalized
beads of the second type associated with the analyte 1n a
complex including one of the first type of functionalized
bead, the analyte, and one of the second type of function-
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alized bead. In certain embodiments, the fluorescent func-
tionalized beads can comprise a polymer substrate impreg-
nated with a fluorescent material. In some embodiments, the
optical fluorescence detector can include a spectrophotom-
cter. In other embodiments, the optical fluorescence detector
can include an optical 1imaging sensor that images the
fluorescence emitted by the functionalized beads of the
second type associated with the analyte 1n the complex. In
some embodiments, the functionalized beads of the first type
can be superparamagnetic functionalized beads. In certain
embodiments, the superparamagnetic functionalized beads
can include 1ron oxide particles. In some embodiments, the
functionalized beads of the first type can include magnetic
nanoparticles disposed within the polymer substrate. In
other embodiments, the functionalized beads of the first type
can 1nclude magnetic nanoparticles disposed on a surface of
the polymer substrate.

[0009] In accordance with one or more embodiments, a
method of detecting a complex including an analyte includes
contacting a sample 1 a solution with a population of
functionalized beads of a first type, which are magnetic
functionalized beads and are functionalized to include a first
moiety that associates with an analyte under suitable con-
ditions, contacting the sample solution with a population of
functionalized beads of a second type, which comprise a
polymer substrate impregnated with a tfluorescent material,
and are functionalized to include an unlabeled moiety that
associates with the analyte under suitable conditions, contact
resulting in formation of a complex including one of the first
type of functionalized bead, the analyte, and one of the
second type of functionalized bead, 1lluminating the com-
plex with incident light that excites fluorescence within the
functionalized beads of the second type, and detecting the
complex including the analyte by analyzing fluorescence
emitted by the functionalized beads of the second type
associated with the analyte in the complex. In some embodi-
ments, the method can further include applying a magnetic
field gradient to the sample solution after contacting the
sample with the population of functionalized beads of the
first type. In certain embodiments, applying the magnetic
field gradient to the sample solution can be performed after
contacting the sample solution with the population of func-
tionalized beads of the second type. In some embodiments,
the method can further include concentrating the sample
solution after contacting the sample solution with the popu-
lation of functionalized beads of the second type, before
detecting the complex. In certain embodiments, the method
can further include agglomerating a plurality of functional-
1zed beads of the first and second types, after contacting the
sample solution with the population of functionalized beads
of the second type, before detecting the complex. In some
embodiments, the method can further include dehydrating
the sample solution before detecting the complex.

[0010] Magnetic multi-bead assays improve upon bead-
based ELISAs by detecting target analytes bound 1n com-
plexes, such as immunocomplexes. By combining the con-
venience and simplicity of magnetic separation with robust
and sensitive detection of beads, magnetic multi-bead assays
provide excellent sensitivity with a simple, rapid process.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The foregoing will be apparent from the following
more particular description of example embodiments, as
illustrated 1n the accompanying drawings in which like
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reference characters refer to the same parts throughout the
different views. The drawings are not necessarily to scale,
emphasis instead being placed upon illustrating embodi-
ments.

[0012] FIG. 1A schematically illustrates a functionalized
bead of a first type, a first moiety, a functionalized bead of
a second type, a second moiety, and an analyte 1n accordance
with one or more embodiments.

[0013] FIG. 1B schematically illustrates a complex that
includes one of a functionalized bead of a first type, a first
moiety, one of a functionalized bead of a second type, a
second moiety, and an analyte 1n accordance with one or
more embodiments.

[0014] FIG. 1C schematically illustrates a bead-based
assay system for detecting a complex including a spectro-
photometer that detects fluorescence emitted by the func-
tionalized beads of the second type 1n accordance with one
or more embodiments.

[0015] FIG. 1D 1illustrates a plot of relative fluorescence
units (RFU) as a function of PSA (pM) 1n accordance with

one or more embodiments.

[0016] FIG. 2 illustrates a method of detecting a complex
including an analyte 1 accordance with one or more
embodiments.

[0017] FIG. 3A schematically illustrates a bead-based
assay system for detecting a complex including an optical
imaging sensor that images fluorescence emitted by the
functionalized beads of the second type 1n accordance with
one or more embodiments.

[0018] FIG. 3B illustrates a fluorescent image 1n accor-
dance with one or more embodiments.

[0019] FIG. 3C illustrates a plot of signal as a function of

PSA concentration (pM) 1n accordance with one or more
embodiments.

[0020] FIG. 4 illustrates another method of detecting a
complex including an analyte 1n accordance with one or
more embodiments.

[0021] FIG. 5 schematically illustrates a wide-field dia-

mond magnetic imaging apparatus in accordance with one or
more embodiments.

[0022] FIG. 6A schematically illustrates several com-
plexes including magnetic beads and fluorescent beads in
accordance with one or more embodiments.

[0023] FIG. 6B illustrates a fluorescent image of the
complexes shown 1 FIG. 6A in accordance with one or
more embodiments.

[0024] FIG. 6C illustrates a magnetic 1image of the com-
plexes shown i FIG. 6A 1n accordance with one or more
embodiments.

[0025] FIG. 7A schematically illustrates a complex that
includes a magnetic functionalized bead of a first type, a
magnetic functionalized bead of a second type, and an
analyte in accordance with one or more embodiments.

[0026] FIG. 7B schematically illustrates a complex includ-
ing magnetic beads of the first and second types 1n accor-
dance with one or more embodiments.

[0027] FIG. 7C illustrates a positive magnetic image of the
magnetic beads shown 1n FIG. 7B 1n accordance with one or
more embodiments.

[0028] FIG. 7D 1illustrates a negative magnetic image of
the magnetic beads shown in FIG. 7B 1n accordance with
one or more embodiments.
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[0029] FIG. 8A illustrates magnetic bead discrimination
based on remanence and susceptibility 1 accordance with
one or more embodiments.

[0030] FIG. 8B illustrates magnetic bead discrimination
based on magnetization magnitude 1n accordance with one
or more embodiments.

[0031] FIG. 8C illustrates magnetic bead discrimination
based on magnetic anisotropy 1n accordance with one or
more embodiments.

[0032] FIG. 8D illustrates magnetic bead discrimination
based on magnetic coercivity in accordance with one or
more embodiments.

[0033] FIG. 8FE illustrates magnetic bead discrimination
based on AC magnetic response in accordance with one or
more embodiments.

[0034] FIG. 8F illustrates magnetic bead discrimination
based on magnetic saturation 1n accordance with one or
more embodiments.

[0035] FIG. 9 illustrates a magnetic image of two beads of
different sizes 1 accordance with one or more embodiments.
[0036] FIGS.10A-1,10B-1, and 10C-1 1llustrate magnetic
images of the image signal of three beads B in accordance
with one or more embodiments.

[0037] FIGS.10A-2,10B-2, and 10C-2 1llustrate magnetic
images ol the difference signal after subtracting the charac-
teristic signal of three beads B 1n accordance with one or
more embodiments.

[0038] FIGS. 11A-1, 11B-1, and 11C-1 illustrate magnetic
images ol the image signal of three dimers of beads A and
B 1n accordance with one or more embodiments.

[0039] FIGS. 11A-2, 11B-2, and 11C-2 illustrate magnetic
images of the difference signal of three dimers beads A and
B after subtracting the characteristic bead B signal in
accordance with one or more embodiments.

[0040] FIG. 12A schematically illustrates a multiplexed
assay 1ncluding four distinguishable bead types in accor-
dance with one or more embodiments.

[0041] FIG. 12B schematically illustrates complexes
including four distinguishable bead types 1n accordance with
one or more embodiments.

[0042] FIG. 13A schematically illustrates a multiplexed
assay including three distinguishable bead types in accor-
dance with one or more embodiments.

[0043] FIG. 13B schematically illustrates complexes
including three distinguishable bead types in accordance
with one or more embodiments.

DETAILED DESCRIPTION

[0044] As stated above, various embodiments disclosed
herein relate to methods and apparatus for detecting a
complex including an analyte 1 a sample by observing
complexes containing two or more distinguishable beads
(1.e., beads of different types) that are bound by the analyte.
At least one of the bead types 1s magnetic and can be
concentrated 1 a liquid suspension by means of magnetic
forces exerted with an applied magnetic field. A fully-
magnetic assay may also be implemented by using diamond
magnetic 1maging to distinguish between magnetic bead
types with distinct magnetic properties.

[0045] In accordance with one or more embodiments,
wide-field magnetic 1maging using nitrogen-vacancy (NV)
centers 1 diamond can be used to provide a platform on
which to implement a multi-bead assay that 1s fully mag-
netic, eliminating the need to detect fluorescence from the
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sample. Magnetic beads provide strong, stable signals by
means of the magnetic fields they produce, which permeate
through biological sample matrices and contaminants and
allow for unambiguous detection. Magnetic beads can fur-
ther be manipulated to accelerate assay kinetics and enable
rapid sample preparation with minimal hardware. The fully
magnetic assay can be deployed with a small-footprint
instrument and low reagent volumes, delivering rapid assay
results at low cost.

Magnetic Multi-Bead Assays

[0046] Magnetic multi-bead assays make use of distinct
bead types to determine analyte concentration 1n a sample by
detecting the formation of bead complexes that are bound by
the analyte. One bead type has magnetic properties that
allow for separation of beads and bound material from a
suspension of beads in liquid with the application of a
magnetic field gradient. This process, called magnetic sepa-
ration, 1s commonly used to 1solate or concentrate target
analytes, including cells, proteins, and nucleic acids.

[0047] The sensitivity of the magnetic multi-bead assay
stems 1n part from three features:

[0048] (1) The assay measures co-presence of at least
two distinguishable beads, such that detection of the
target analyte only results from the analyte binding to
at least two distinct antibodies on at least two distin-
guishable bead types. This assay provides enhanced
target specificity through the combined specificity of
multiple antibodies, which in turn provides better sen-
sit1vity.

[0049] (2) Confounding eflects, such as signal back-
grounds, caused by sample components other than the
target analyte can be reduced or eliminated by purify-
ing the sample using magnetic separation.

[0050] (3) Beads can be detected rapidly and with high
accuracy and precision. Bead signals can be stronger
and more stable and can be detected more quickly than
signals from molecular reporters including fluorescent
dyes and fluorescent products of enzymatic activity.

Complex Formation

[0051] To measure a target analyte 1n a multi-bead assay,
the analyte must bind to at least two distinguishable beads to
form a complex, so that the presence of both beads can be
detected. The beads may be coated with binding ligands,
herein also denoted as moieties, such as antibodies, that bind
specifically to and thereby associate with a certain region of
a certain target analyte. Fach bead 1n the multi-bead assay
may be coated with one or more diflerent types of binding
ligands. Diflerent bead types used in the multi-bead assay
may have the same binding ligand types, overlapping sets of
binding ligand types, or distinct binding ligand types. In the
simplest case, two distinct bead types are used—hereatter
denoted bead A and bead B. (In other embodiments, three or
more distinct bead types can be used.) In the two-bead
example, bead A and bead B are coated with antibodies, with
antibody X on bead A and antibody Y on bead B. Antibody
X binds specifically to a different region of the target analyte
than antibody Y so that the target analyte may be bound to
both simultaneously.

[0052] The complex, such as an immunocomplex, may be
formed under suitable conditions, such as by incubating the
sample with a suspension of bead A and bead B. Target
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analytes 1n the sample will encounter a bead surface as they
diffuse through the sample, and bind to 1t. The sample may
be mixed, shaken, or otherwise agitated to accelerate this
process. As the beads also move through the sample, they
will encounter analytes bound to beads of the opposite type
and will additionally bind to those analytes, forming het-
erogeneous bead complexes of the form A-B, A-B-A, B-A-
B, and other combinations.

[0053] The beads and bead complexes are then concen-
trated together by magnetic separation. First, a magnetic
field gradient 1s applied that exerts a magnetic force on bead
A. Any bead A and bead complex contaiming bead A will be
separated from the sample. In some embodiments, bead B
may also be magnetic and experience a similar magnetic
force, forming a “pellet” of magnetic material and bound
analytes. Unbound sample components, referred to here as
“background material,” will not be separated and therefore
may be discarded with the supernatant above the pellet. The
magnetic gradient may then be removed and the beads may
be re-suspended 1n the same or different butler solution. This
process may be repeated to reduce the concentration of
background material. Magnetic separation may be per-
formed by hand or automated with a commercial plate
washer.

[0054] Altemately, complex formation can also be per-
formed 1n discrete steps, which may reduce signal back-
ground caused by nonspecific binding of beads nto com-
plexes 1n the absence of the target analyte. Bead A may first
be added to the sample to capture the target analyte, fol-
lowed by magnetic separation to reduce the concentration of
background material. Bead B can then be added separately
to this purnified sample. Whether bead A and bead B are
added together or sequentially will be determined empiri-
cally and will depend on the antibodies utilized and whether
nonspecific binding 1s significantly reduced using sequential
binding steps.

[0055] If bead B i1s less magnetic than bead A, or non-
magnetic, then magnetic separation may be used aiter form-
ing complexes to reduce signal background associated with
unbound bead B. For example, a less-magnetic bead B will
be separated from the sample suspension more slowly than
bead A, so that magnetic separation can be terminated at a
point at which bead A has been suitably separated into a
pellet while the separation of bead B remains incomplete. IT
at this point the supernatant above the pellet 1s discarded, a
significant fraction of bead B will be removed, but bead A
will be preserved, including complexes containing bead A.

[0056] In accordance with one or more embodiments, the
diameters of bead A and bead B may be in a range of
between 50 nm and 10 um, such as between 0.5 um and 3
um. Bead A and bead B may be chosen to have different
diameters, such that the diameter of the functionalized beads
of the first type 1s different from the diameter of the
functionalized beads of the second type by at least 50%, so
that the two bead types may be distinguished by the spatial
distribution of their respective magnetic field signals. Alter-
natively bead A and bead B may be chosen to have similar
diameters, that 1s, diameters diflerent by less than 50%, so
that they exhibit similar surface area, move similarly in the
liquid sample suspension, occupy a similar amount of space
in the detection region, and provide similar signal magni-
tudes. Bead diameters in the range of 0.5 um to 5 um may
allow for rapid magnetic separation (1n a matter of seconds)
and a large quantity of binding ligands on each bead. In
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addition, bead diameters in this range are similar to or
slightly larger than the typical diffraction-limited 1maging
resolution of an optical microscope or wide-field diamond
magnetic 1maging system.

Complex Detection

[0057] Once complexes, such as immunocomplexes, have
been formed (heterogeneous bead complexes contaiming
bead A and bead B bound by the analyte), they are measured
by detecting the co-presence of both bead types. Several
methods of detecting the co-presence of both bead types that
can be implemented to achieve this goal are described
further below.

[0058] The measurement of complexes containing the
analyte can be calibrated with a range of calibration samples
of known analyte concentration so that a given measurement
of complexes implies a certain analyte concentration. The
measurements of the range of calibration samples 1s collec-
tively referred to as a calibration curve. Detection of com-
plexes, by the methods and apparatus described herein,
enables measuring analyte concentration in combination
with a calibration curve.

Example Al: Magnetic-Fluorescent Assay with
Plate Reader

[0059] Consider bead A to be superparamagnetic, coms-
posed of magnetic nanoparticles of a superparamagnetic
material dispersed within or on the surface of a polymer
substrate. Suitable superparamagnetic materials include, for
example, ron oxide, Fe,O, or Fe,O,, manganese ferrites
(Mnke,O,), or cobalt ferrites (CoFe,O,), in the form of
single crystal nanoparticles less than about 20 nm 1n size,
typically mm a range of between 5 nm and 10 nm. The
magnetic nanoparticles are engineered to be small enough
that they exhibit no remanent magnetization in the absence
of an applied field (superparamagnetism). When a field 1s
applied, the particles magnetize 1n the direction of the field,
producing a bead magnetization suilicient for magnetic
separation.

[0060] Consider bead B to be a fluorescent functionalized
bead including a polymer substrate impregnated with fluo-
rescent material. Bead B 1s nonmagnetic, such that unbound
bead B 1s left behind during magnetic separation.

[0061] As shown in FIGS. 1A-1C, a bead-based assay
system 100 for detecting a complex including an analyte,
shown 1n FIG. 1C, includes, as shown 1n FIG. 1A, a plurality
of functionalized beads 110 of a first type (bead A), which
are magnetic functionalized beads and are functionalized to
include a first moiety X 115 that associates with an analyte
120 under suitable conditions, a plurality of functionalized
beads 130 of a second type (bead B), which are fluorescent
functionalized beads, and are functionalized to include an
unlabeled moiety Y 133 that associates with the analyte 120
under suitable conditions, and, as shown in FIG. 1C, an
optical photodetector 140 that detects light 155 emitted by
the functionalized beads 130 of the second type associated
with the analyte 120 1n a complex 145, shown in FIG. 1B,
including the first type ol functionalized bead 110, the
analyte 120, and the second type of functionalized bead 130.
As shown 1n FIG. 1C, the optical photodetector 140 1s a
spectrophotometer 140 that detects tluorescence 155 emitted
by the functionalized beads 130 of the second type that
fluoresce when illuminated by light from a filtered lamp 150.
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Each of the first 115 and second 135 moiety can be a
receptor, protein, antibody, cell (eukaryotic or prokaryotic),
organelle, virus, or nucleic acid sequence. The second
moiety 135 1s unlabeled, that 1s, not labeled with a fluoro-
phore. In some embodiments, the fluorescent functionalized
beads can comprise a polymer substrate impregnated with a
fluorescent material. Several improvements arise from hav-
ing the fluorescent material impregnated inside the function-
alized beads B and using an unlabeled second moiety 135.
First, the volume of the bead allows for much greater
quantities of fluorophores to be included and measured, as
compared to surface attachment, because the volume of the
bead 1s significantly greater than its surface area. Second, in
other methods whereby the surface bound moiety 1s labeled
with a fluorophore, the quantity of fluorophore 1s further
reduced as the moieties do not cover the entire surface,
resulting i even further reduced labeling. Third, fluoro-
phores are sensitive to light, temperature, pH, salt and other
environmental conditions associated with biological assays.
As such, the fluorophores impregnated into the bead are
sheltered and protected from the chemical environment,
which results 1n brighter and more robust detection. Fourth,
for fluorophores to be conjugated or covalently bound to
surface attached moieties, they must undergo a chemical
reaction that can alter the state of the fluorophore (such as its
3D structure, charge, polarity) that can negatively aflect the
function of the fluorophore.

[0062] Due to the superparamagnetic nature of the capture
bead A, extra bead A will be included in the final read.
However, since this bead 1s 1n a different fluorescent channel
(wavelength) or not fluorescent at all, 1t will not negatively
allect the positive signal of the detector bead B or provide
additional non-specific (fluorescent) background.

[0063] In one embodiment, the magnetic multi-bead assay
1s performed as described below. After complex formation,
a magnetic separation step or series of repeated steps 1s used
to reduce the unbound bead B population. After magnetic
separation, the continued presence of bead B indicates
successiul binding of the target analyte both to bead A and
to bead B—otherwise either the analyte or bead B or both
would likely have been discarded during magnetic separa-
tion. Detecting bead B 1n the sample suspension 1s therefore
suflicient to establish co-presence of both beads 1mn com-
plexes.

[0064] Accordingly, as shown in FIG. 2, a method 200 of
detecting a complex including an analyte includes contact-
ing 210 a sample 1n a solution with a population of magnetic
functionalized beads of a first type, contacting 220 the
sample solution with a population of fluorescent function-
alized beads of a second type, illuminating 230 the complex
with incident light that excites fluorescence within the
functionalized beads of the second type, and detecting 240
the complex including the analyte by analyzing the fluores-
cence.

[0065] The sample suspension may be analyzed using a
fluorescent plate reader or similar device that uses a spec-
trophotometer to optically excite and measure tfluorescence
from each plate well. The suspension may be transferred to
low-fluorescence black plates prior to measurement to
reduce signal background produced by the plate. While it 1s
possible that the reactions could be performed 1n the black
plates originally, reactions may be more efliciently per-
formed 1n round-bottom plates that may be unavailable 1n
black plastic. During the fluorescence measurement, bead B
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fluorescence may be both induced and recorded through
optical band pass filters. A titration of bead B and a well
containing no bead B may be separately measured to cali-
brate the observed fluorescence signal to a known bead
concentration under similar bufler conditions.

[0066] Most commercially available fluorescent plate
readers can be configured with standard excitation and
emission filters, dichroic or band pass filters, and proper gain
settings or photo multiplier tube (PMT) adjustments to
satistfactorily depress autofluorescence of sample builer and
amplily true fluorescent signal from the ensemble fluores-
cent beads. The wavelength of measured fluorescence will
depend upon the choice of fluorophore incorporated nto the
bead. It should be noted that low fluorophore concentration
or weak tluorophores may depress the fluorescent signal and
reduce the sensitivity of the assay.

[0067] As shown in FIG. 1D, prostate specific antigen
(PSA) as low as 0.1 pg/mL can be measured with little
optimization of the plate reader conditions. As few as 250
fluorescent beads can be measured at the minimum signal
level, considered to be the fluorescence measurement back-
ground mean plus triple 1ts standard deviation. Longer read
times, changes 1n photomultiplier tube (PMT) gain settings,
or adjustments 1n the scanned region of each well all may
contribute to mmproved sensitivity. Optimization of these
parameters depends upon the features of any given plate
reader.

Example B2: Magnetic-Fluorescent Assay with
Fluorescence Imaging

[0068] Consider bead A and bead B to be of the same types
described 1n Example Al above. Further consider that, as 1n
Example Al, a final magnetic separation step or series of
steps 1s performed to reduce the concentration of bead B.
[0069] In another embodiment employing a bead-based
assay system 300, shown in FIG. 3A, bead B fluorescence
may be measured by fluorescence imaging rather than with
a spectrophotometer. The sample suspension or a portion of
it may be dispersed on a microscope slide 305. Under
appropriate optical excitation, bead B fluorescence may be
imaged by a microscopy system onto a camera sensor 340
through an optical band pass filter 348 that blocks the
excitation light from the filtered lamp 1350. In the resulting
bead B fluorescence image, and provided suitable resolution
of the microscopy system, individual beads may be resolved,
identified, and counted (as illustrated 1n FIG. 3B). The total
number of beads B counted in the image provides a mea-
surement of the number of analytes present 1n the sample,
since the observation of bead B fluorescence 155 implies
co-presence ol both bead A and bead B bound to the target
analyte in the complex 145.
[0070] Fluorescence 1imaging may provide an improve-
ment 1 sensitivity above the plate reader measurement
described above in Example Al. This improvement arises
from the ability to reject confounding signals, including:
[0071] (1) optical detector backgrounds, such as arise
from optical filter leakage and optical sensor noise;

[0072] (2) diffuse fluorescence backgrounds, such as
autofluorescence from buller components;

[0073] (3)fluorescence from contaminants, such as dust
particles, that may be clearly distinguished 1n 1mages
from bead B signals.

[0074] Rejecting false signals allows for a lower signal
background, as shown i FIG. 3C, where the imager 340
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yields a lower signal level for the same PSA concentration
as compared to the plate reader 140, and a correspondingly
improved sensitivity to low complex concentrations that
result from low analyte concentrations.

[0075] Imaging of bead B may be performed with a liquid
sample suspension, such as a droplet on a microscope slide
under a coverslip, or after drying a representative droplet of
the liquid sample. After drying, fluorescent bead B remains
bright and no longer moves under diffusion or due to flow of
the sample on the slide, which enables longer exposure times
and lower excitation light intensity. The bufler solution is
chosen to preserve immunocomplexes against dissociation
during drying, to disperse beads relatively uniformly over
the dried region, and to avoid leaving solute crystals or other
residue that may impede imaging.

Example C3: Magnetic-Fluorescent Assay with
Magnetic and Fluorescence Imaging

[0076] Consider bead A and bead B to be of the same types
described in Example Al above. Further consider that, as 1n
Example Al, a final magnetic separation step or series of
steps 1s performed to reduce the concentration of bead B and
that bead B 1s counted by imaging the sample with a
fluorescence microscopy system.

[0077] In accordance with one or more embodiments, as
shown in FIG. 4, a method 400 of detecting a complex
including an analyte includes contacting 410 a sample 1n a
solution with a population of magnetic functionalized beads
of a first type, contacting 420 the sample solution with a
population of functionalized beads of a second type, and
detecting 430 the complex including the analyte by detecting
magnetic fields produced by the magnetic functionalized
bead and by detecting the functionalized bead of the second
type associated with the analyte 1n the complex. In some
embodiments, detecting magnetic fields includes using any
magnetic 1maging technology, such as magnetic force
microscopy or a scanning Hall probe. In certain embodi-
ments, detecting the functionalized beads of the second type
includes detecting fluorescence as described 1n Examples Al
or B2 above.

[0078] In another embodiment, the microscopy system
may 1nclude a wide-field diamond magnetic imaging system
that allows for imaging of bead A, which 1s superparamag-
netic. Wide-field diamond magnetic imaging with nitrogen-
vacancy (NV) centers in diamond 1s capable of rapidly
imaging magnetic fields disposed over the surface of a
diamond sensor, at room temperature, with sub-micron
resolution. Magnetic 1mages may be co-registered to con-
ventional optical fluorescence or bright-field 1mages
acquired for the same field of view with the same 1maging
system. Adjustments to the imaging system may be made
between magnetic and optical imaging to optimize perfor-
mance, such as changing optical filters or correcting focal
position.

[0079] As shown in FIG. 5, a bead-based magnetic assay
system 500 for detecting a complex including an analyte
based on optically detected magnetic resonance (ODMR)
includes, as shown i FIG. 1A and described above, a
plurality of functionalized beads 110 of a first type, which
are magnetic functionalized beads and are functionalized to
include a first moiety 1135 that associates with an analyte 120
under suitable conditions, a plurality of functionalized beads
130 of a second type, which are functionalized to include a
second moiety 135 that associates with the analyte 120
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under suitable conditions, and, as shown in FIG. 5, a
substrate 532 including at least one ODMR center 540 (a
plurality of ODMR centers 540 shown 1n FIG. §5), a light
source 336 configured to generate incident light that excites
clectrons within the at least one ODMR center 540 from a
ground state to an excited state, a magnet 534 for applying
a bias magnetic field on a complex 330 disposed over the at
least one ODMR center 540, the complex 530 including one
of the first type of functionalized bead 110, the analyte 120,
and one of the second type of functionalized bead 130, and
a microwave source 338 configured to generate a microwave
fileld incident on the at least one ODMR center 540, the
microwave source 538 being further configured to generate
the microwave field with frequencies that correspond to
ground state transitions in the at least one ODMR center
540, in which the at least one ODMR center 540 produces
emitted light 542 when 1lluminated by the incident light 536,
characteristics of the emitted light 542 being influenced by
the microwave field and by the magnetic functionalized bead
110 associated with the analyte 120 1n the complex 330. In
the embodiment shown i FIG. 5, the plurality of ODMR
centers 540 are nitrogen-vacancy (NV) centers 1n a diamond
lattice, formed 1n an upper surface of the diamond substrate
532. In another aspect, the plurality of ODMR centers can be
s1licon-vacancy centers 1n a silicon carbide lattice, or 1 a
diamond lattice. Turning back to FIG. 5, under optical
excitation 536, fluorescence 542 emitted from a thin layer of
ODMR centers 540 near the surface of the diamond sub-
strate 532 1s imaged onto an optical photodetector array 344,
that 1s an optical 1maging system having an imaging sensor
such as a charge-coupled device (CCD) or complementary
metal oxide semiconductor (CMOS) camera. The variation
of ODMR center fluorescence under microwave excitation
reveals the ODMR electron spin resonance (ESR) fre-
quency, and hence the magnetic field shift of the ODMR
spin sublevels. The spatial structure of the magnetic field at
the diamond surface created by the sample (i1.e., complex)
530 can thus be determined from 1mages of ODMR center
fluorescence 542, whose characteristics are influenced by
the microwave field and by the magnetic field created by the
magnetic functionalized bead 110 associated with the ana-
lyte 120 1n the complex 530.

[0080] Brnieftly, the process to acquire a magnetic 1mage 1s
as follows:
[0081] 1. Dispose a magnetic sample (1.e., complex)

530 to be 1imaged over, onto, or near to the sensing
surface of the diamond substrate 532. An intermediate
layer (not shown) may be interposed between the
sample 5330 and the diamond substrate 532.

[0082] 2. Apply amagnetic bias field 534 1n an arbitrary
direction.

[0083] 3. Illumimate the ODMR centers 540 in the

diamond center with green light 536 (near 3532 nm
wavelength).

[0084] 4. Apply a microwave field from a source 538 to
the diamond, with frequency near one of the ODMR
center ESR transitions.

[0085] 5. Acquire an image of ODMR center fluores-
cence 342 emitted from the sensing surface 540 at

optical detector array 544 through imaging objective
546 and optical filter 548.

[0086] 6. Repeat steps 4-5 using different microwave
frequencies that span one or more ranges around one or
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more NV center ESR transitions. The result 1s a stack
of images, each corresponding to a different microwave
frequency.

[0087] 7. Repeat steps 4-6 one or more times, averaging,
the results to reduce 1imaging noise 1n the 1image stack.

[0088] 8. For each image pixel in the image stack,
construct an ESR spectrum from that pixel’s value
across all images in the stack. Analyze this spectrum to
determine the frequencies of one or more ESR transi-
tions.

[0089] 9. For each immage pixel in the image stack,
compute the magnetic field based on the frequencies of
observed ESR transitions at that pixel.

[0090] Additional details of the operation of the wide-field
diamond magnetic 1maging apparatus are described in PCT
Patent Application No. PCT/US2017/057628 filed on Oct.
20, 20177 and entitled METHODS AND APPARATUS FOR
MAGNETIC PARTICLE ANALYSIS USING DIAMOND
MAGNETIC IMAGING that 1s mncorporated by reference
herein.

[0091] An applied magnetic field induces magnetization 1n
bead A and an associated magnetic field from the bead. A
magnetic field in the range of 0.5 to 10 mT, which may be
generated with permanent magnets or an electromagnet, 1s
suilicient to resolve features in the electron spin resonance
spectrum of the diamond imaging sensor. The diamond
magnetic imager 1images these bead fields directly, allowing
for individual bead detection and location. Beads of similar
composition and magnetization produce similar magnetic
field patterns that may be 1dentified as characteristic features
542 1n a magnetic 1image corresponding to the location of
cach bead A. A representative image 1s shown i FIG. 6C.
[0092] An image processing algorithm may identily the
locations both of bead A features 342 1n the magnetic 1mage,
shown 1n FIG. 6C, and bead B features 155 1n the fluores-
cence 1mage shown in FIG. 6B. Additional images may be
acquired 1n either detection channel (magnetic or fluores-
cent) to improve signal fidelity. The resulting bead locations
identified in each detection channel may then be compared
to 1dentily co-presence of both bead types, and hence of
complexes 145 containing the target analyte, illustrated 1n
FIG. 6A.

[0093] Adding the magnetic 1imaging channel to detect
bead A 1n addition to detecting bead B 1n the bead fluores-
cence channel allows for 1dentification of unbound bead B,
which may persist alter magnetic separation or which may
dissociate from bead complexes that are weakly bound by
nonspecific interactions. Unbound bead B may be rejected
during analysis so that only bead B associated with com-
plexes are counted.

Example D4: Fully Magnetic Assay with Magnetic
Imaging

[0094] In another embodiment shown in FIGS. 7A-7D,
bead A 710 and bead B 730 are both magnetic, but with
distinguishable magnetic properties. Magnetic imaging with
single-bead spatial resolution 1s used to 1dentily bead A 710,
as 1n Example C3, and also to identity bead B 730, distin-
guishing between the two. Bead A 710 has magnetic prop-
erties suitable for magnetic separation, as 1n Examples Al,

B2, and C3 described above.

[0095] Beads A 710 and B 730 may, for example, difler in
the shape and magnitude of their single-axis magnetization
curves, which describe bead magnetization as a function of
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an applied magnetizing field. Beads A 710 and B 730 may
differ 1n the degree of hysteresis in theirr magnetization
curves and 1n properties such as remanent magnetization and
coercivity. Beads A 710 and B 730 may have different
degrees of asymmetry, with diflerent magnetization curves
observed when the field axis 1s changed. Beads A 710 and B
730 may respond differently to a time-varying magnetic
field, such as an alternating or rotating field.

[0096] Using only magnetic imaging for identifying and
locating bead A 710, bead B 730, and complexes 745
including the analyte 720 enables elimination of the optical
fluorescence detection channel, simplifying the assay system
significantly. Additionally, magnetic imaging 1s particularly
isensitive to signal backgrounds due to unwanted light,
detector noise, and sample contaminants that fluoresce,
scatter, or absorb light. Magnetic signal backgrounds are
extremely low 1n biological samples and they do not impede
the ability to measure even modestly magnetic beads.

Distinguishing Magnetic Bead Types with Magnetic Imag-
ng,

[0097] Wide-field diamond magnetic 1imaging provides a
means to directly image the vector magnetic field produced
by a magnetic bead under a wide range of magnetic condi-
tions. This general-purpose tool may be used to distinguish
between magnetic bead types over a wide range of different
properties.

[0098] Inone embodiment, bead A 710 and bead B 730 are
distinguished by measuring magnetic susceptibility and
magnetic remanence at low applied field after first magne-
tizing the beads with a large magnetic field. Bead A 710 1s
superparamagnetic. For example, bead A 710 may be com-
posed of superparamagnetic iron oxide nanoparticles 5-10
nm 1n size dispersed within a spherical polymer substrate
approximately 1 um in diameter. Bead A 710 may contain a
quantity of iron oxide such that the magnitude of the average
induced magnetization of bead A 710 with an applied bias
field of 4 mT is approximately 3x10™"> A m”. Bead B 730
1s ferromagnetic. In one embodiment, bead B 730 may be
composed ol ferromagnetic cobalt ferrite nanoparticles 30
nm 1n size dispersed over the surface of a spherical polymer
substrate approximately 1 um 1n diameter and adhered to the
surface with an additional polymer layer. Bead B 730 has a
remanent magnetization fraction of greater than 50%, such
that, after being magnetized 1n a field of at least 300 m'T and
once the magnetizing field has been removed, bead B 730
retains a large proportion of 1ts saturated magnetization
value. Bead B 730 may contain a quantity of cobalt ferrite
such that the magnitude of the average remanent magneti-
zation of bead B 730 after the magnetizing field 1s removed
is approximately 2x10™"> A m~.

[0099] A magnetic imaging procedure 1s described below

for identitying complexes 7435 containing the target analyte
720, bead A 710 and bead B 730.

[0100] Adfter forming complexes 745 1n a sample suspen-
s101, a representative portion of the sample 1s disposed over
and dried on the surface 732, shown in FIG. 7B, of a
diamond magnetic 1maging sensor shown 1 FIG. 5. The
sensor’s imaging surface is a {100} face and this surface
contains a thin layer approximately 1-um thick that 1s rich 1n
nitrogen-vacancy (NV) centers. Turming back to FIGS.
7B-7D, after magnetic imaging, complexes 745 are 1denti-
fied by i1dentifying bead A 710 and bead B 730 1n close
proximity to one another, including close enough to be
spatially unresolved in the images. Prior to magnetic imag-
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ing, a magnetizing field 1s applied 1 a direction normal to
the horizontal diamond surface. A field of greater than 200
mT applied for a period of several seconds 1s suflicient to
magnetize the magnetic material in bead B. The dried
sample 1s then magnetically imaged twice with a bias
magnetic field of 4 mT applied parallel to one crystal axis of
the diamond sensor, which 1s oriented at an angle of approxi-
mately 35 degrees with respect to the imaging surface. The
4 mT mmaging field 1s reversed between acquiring the two
magnetic 1mages, shown in FIGS. 7C and 7D, termed the
positive (FIG. 7C) and negative (FIG. 7D) images, denoting,
the +4 mT and -4 mT imaging fields, respectively. The
magnetic 1mages measure the projection of the sample
magnetic field vector onto the axis of the imaging field.

[0101] Since bead A 710 1s superparamagnetic, the greater
than 200 mT magnetizing field does not leave bead A 710
with significant remanent magnetization. In both the positive
and negative 1mages, the magnetization of bead A 1s only
that which 1s induced 1n the superparamagnetic beads by the
4 mT imaging field. Bead A 710 produces the same feature
741 1n both magnetic 1mages, since the bead A 710 magne-
tization 1s 1 both cases parallel to the 1imaging field.

[0102] In contrast, the greater than 200 mT magnetizing
field leaves bead B 730 strongly magnetized in the vertical
direction, oriented up with respect to the horizontal diamond
sensor 1maging surface. Once the magnetizing field 1s
removed, the weaker 4 m'T 1maging field does not signifi-
cantly change the magnetization of bead B 730, since the
magnetic susceptibility of bead B 730 near zero magnetic
field, when previously magnetized along the same axis, 1s
low. Therefore, bead B 730 produces an image feature 742
that inverts sign between the positive and negative magnetic
images, with positive magnetic field projection changing to
negative and vice versa, as illustrated 1n FIGS. 7B, 7C, and
7D.

[0103] All magnetic objects identified in the magnetic
image field of view are quantified by magnetization, such
that bead A 710 1s assigned a positive value 1n both images
and bead B 730 1s assigned a positive and negative value 1n
the positive and negative images, respectively. Bead com-
plexes 745 will be assigned magnetization values that reflect
the complex composition. For example, bead dimers of the
form A-A or B-B will generally be assigned larger values
with the same sign of bead A or bead B monomers, respec-
tively. Bead dimers 745 of the form A-B or larger hetero-
geneous bead complexes will be assigned values of smaller
magnitude in the negative image than in the positive image,
reflecting oppositely-magnetized beads within the complex,

as shown 1n FIGS. 7C and 7D.

[0104] All magnetic objects 1n the magnetic 1images may
be represented on a scatter plot whose axes are the sum and
difference, respectively, of the positive and negative image
magnetization values. This sum and difference may also be
termed the susceptibility and remanence of the single-bead
magnetization curve, as they are approximately proportional
to these properties. As shown 1n FIG. 8A, bead A and bead
complexes contaiming only bead A will be clustered near one
axis, with large susceptibility and zero remanence; bead B
and bead complexes contaimng only bead B will be clus-
tered near the other axis, with large remanence and near-zero
susceptibility. Complexes containing both bead A and bead
B will exhibit significant susceptibility and remanence, so
they may be 1dentified as the objects in the scatter plot in a
region suiliciently separated from both axes. This region 1s
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unlikely to contain signals from bead A or bead B alone, or
from homogeneous bead complexes such as those of the
form A-A or B-B.

[0105] If the magnetic imaging spatial resolution 1s suili-
cient to resolve individual magnetic beads within a complex,
then the complex may be 1dentified by separately 1dentifying
beads within the complex and determining their spatial
separation to be consistent with that of a bound complex,
and not significantly greater than the bead diameters.
[0106] Ifboth bead A and bead B are sutliciently magnetic,
and either bead A or bead B 1s ferromagnetic, A-B dimers
may form even in the absence of the target analyte, due to
attractive magnetic interactions. These magnetic interactions
may be limited in strength by limiting the amount of
magnetic material in each bead. Magnetic bead signals may
be measured even 1n cases in which magnetic interactions
between beads are too weak to overcome forces associated
with Brownian motion or sample mixing, so that magnetic
interactions may play no role.

[0107] The magnetic material within bead A and bead B
may be composed of nanoparticles disposed within or on the
surface ol a polymer or other nonmagnetic substrate. If the
nanoparticles are uniformly disposed within or on the sur-
face of the substrate, then the strength of magnetic interac-
tions between beads can be reduced relative to having
aggregated nanoparticles, since magnetic fields near aggre-
gated magnetic nanoparticles may be stronger. Using nan-
oparticles that are much smaller than the substrate radius
may allow for more unmiform distribution, relative to larger
nanoparticles that produce stronger local magnetic fields.
[0108] Magnetic interactions may also be suppressed by
adding a nonmagnetic layer encapsulating the magnetic
material. Swuitable materials for the nonmagnetic layer
include polymers, such as polyethylene (PE), polytetratluo-
roethylene (PTFE), and polymethylmethacrylate (PMMA).
Since magnetic interactions weaken rapidly with increasing
separation between beads, even a nonmagnetic layer signifi-
cantly thinner than the original bead radius can dramatically
reduce dimer formation due to magnetic interactions.

Additional Magnetic Discrimination Methods

Discrimination by Magnetic Moment

[0109] As shown in FIG. 8B, the magnetic image signal
for a magnetic bead can be analyzed to determine the
magnetic moment (magnetizationxvolume) of the bead,
assuming knowledge of the bead size and a spherically
symmetric distribution of magnetic material 1n the bead. For
bead A and bead B of similar size, the magnetic moment can
be used to distinguish between bead A, bead B, and bead
complexes. To be eflective, there must be low enough
variation of magnetic moment, size, and spherical symmetry
of each bead such that each measurement can be clearly
associated with one distribution. The A-B complex, having
larger size than each individual bead, may not produce a
signal equal to the sum of signals from bead A and bead B.
Nevertheless, the bead A and bead B magnetic moments may
still be chosen such that the mean A-B complex signal 1s
distinct from that of bead A, bead B, the A-A complex, the
B-B complex, etc. It 1s not necessary to resolve spatial
differences between candidate signals to discriminate them
by magnetic moment; 1t 1s sutlicient to evaluate each signal
only by magnitude, e.g. magnitude of convolution with a
characteristic 1mage signal.
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[0110] If bead A and B have diflerent size, a similar
discrimination approach may be used that ignores this size
difference when evaluating the magnitude of candidate
signals and applies the same single-parameter quantification
strategy to all signals. This may produce signals for bead A,
bead B and complexes that are not proportional to their
magnetic moments, but are distinct and allow for accurate
discrimination.

Discrimination by Anisotropy

[0111] Magnetic particles may exhibit an amisotropic
response to a magnetic field, due to preferential magnetiza-
tion along certain crystal axes in a single magnetic domain
or along certain directions 1n a multi-domain particle or a
composite magnetic bead containing many particles. Rod-
shaped nanoparticles, for example, typically can be magne-
tized more easily along the rod axis. Synthesizing a spherical
bead containing oriented magnetic nanorods would produce
an anisotropic magnetic susceptibility 1n the bead.

[0112] 'The magnetic anisotropy of a bead can be probed
by 1maging immobilized beads multiple times, using mul-
tiple directions of an applied magnetic field. As shown in
FIG. 8C, a metric for magnetic anisotropy can be con-
structed from the difference in magnetic signals obtained
from the different ornentations. Imaging at three distinct
directions 1s suflicient to determine the orientation and
degree of anisotropy for a particle even 1f the particle
orientation 1s not known i advance. If bead A and bead B
have zero and nonzero magnetic anisotropy, respectively,
then 1mages acquired with the 1maging magnetic field
rotated 1n different directions will produce 1dentical signals
for bead A, but different signals for bead B. Complex signals
will have nonzero anisotropy, but less than that of bead B.

Discrimination by Coercivity

[0113] As shown in FIG. 8D, magnetized ferromagnetic
beads can be re-magnetized 1n a different direction by
applying a field larger than the coercivity. Discrimination
between two types of ferromagnetic beads, bead A and bead
B, can be achieved using this sequence: (1) first magnetize
both beads with a strong magnetic field 1n one direction; (2)
image the bead magnetization; (3) apply a magnetic field 1n
the opposite direction that 1s strong enough to reverse the
magnetization of bead A, but not strong enough to reverse
the magnetization of bead B; (4) image the magnetic bead
signals and compare them to those 1n the first image. Bead
A signals will reverse direction; bead B signals will change
modestly, 11 at all; complex signals will change significantly
in magnitude as one bead in the complex reverses magne-
tization while the other does not.

Discrimination by Time-Dependent Magnetic Response

[0114] As shown in FIG. 8E, magnetic particles change
theirr magnetization direction 1n response to a change in
magnetic field direction. For a given field strength, the time
scale for a particle to change direction may depend on the
particle composition and size and may vary over a wide
range from below 1 us to well over 1 s. If an oscillating or
rotating AC magnetic field of constant amplitude 1s applied
to the particle, the particle magnetization will oscillate in
response. An oscillating magnetization may be measured by
a magnetic 1imaging technology that 1s sensitive to AC
magnetic fields, such as a wide-field ODMR center magnetic
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imaging system that employs pulsed optical excitation of
ODMR centers or time-gated camera exposures. The mag-
nitude of the oscillating magnetization will decrease as the
oscillation period decreases below the time scale required
for the particle to change magnetization direction. The cutoil
frequency 1s defined as the oscillation frequency correspond-
ing to this change 1n response.

[0115] If bead A and bead B contain magnetic material
with different cutoil frequencies, measuring the oscillating
magnetization at multiple oscillation frequencies provides a
method to discriminate between the beads. If bead A has a
high cutofl frequency compared to bead B, then imaging at
an intermediate frequency will observe a weak bead B signal
compared to imaging at a low frequency, but little change 1n
the bead A signal. A complex will exhibit a decrease 1n signal
at the intermediate frequency that 1s smaller than that of bead
B. Discrimination can be improved by adding additional
images at additional frequencies. While bead A and bead B
will have a single cutofl frequency, the complex will exhibit
two cutoll frequencies. Signals obtained at low oscillation
frequency and at two or more intermediate frequencies will
reveal qualitatively different behavior for bead A, bead B,
and complexes.

Discrimination by Magnetic Saturation

[0116] As shown in FIG. 8F, the magnetization M of a
superparamagnetic particle saturates with sufliciently high
magnetic field H. Even at field strengths below saturation,
the magnetic susceptibility (slope of the magnetization
curve) 1s reduced. If the magnetizations of superparamag-
netic bead A and bead B saturate at different field strengths
H, and H,, then the beads may be distinguished by imaging
at two magnetic field strengths, one of which 1s large enough
to observe a change 1n magnetic susceptibility 1n one of the
beads. The ratio of signals in these two 1mages will be
significantly different for bead A and bead B. Complexes
will have an intermediate ratio distinct from that of bead A

or bead B.

S1ze Based Magnetic Bead Discrimination

[0117] Magnetic beads of diflerent size, but similar com-
position, may produce magnetic image signals that are
distinguishable by their spatial scale. This may allow for
discrimination between bead A, bead B, and complexes,
despite bead A and bead B having nominally identical
magnetic properties.

[0118] When the sample solution 1s disposed on a surface,
most beads will come to rest against the surface, so that the
center of each bead 1s spaced from the surface by 1ts radius.
Larger beads are thus centered further from the sensing
surface than smaller beads. This spacing determines the
spatial scale of the magnetic field at the sensing surface,
since the same lateral displacements along the surface are
relatively larger for closely-spaced beads than for more
distant beads, and therefore result in larger relative changes
in magnetic field.

[0119] FIG. 9 1s an 1image of two beads, approximately 1
micron (top) and 3 microns (bottom) 1n diameter, with their
centers spaced approximately 9 microns apart. The larger
bead produces a magnetic signal with broader spatial fea-
tures. In this case, the larger bead also contains more
magnetic material and produces a larger magnitude of sig-
nal, but this need not be the case.
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[0120] Ifbead A and bead B have diflerent size, but similar
magnetic properties, then spatial scale of magnetic 1image
signals may be used not only to discriminate between the
two, but also to identify A-B complexes. Complexes have
spatially broad signals that also contain shorter-scale spatial
components.

[0121] One method for identifying complexes 1s to {first
identify all broad signals (including both bead B and com-
plex signals) and then subtract a characteristic bead B signal
(such as the mean of many bead B signals imaged sepa-
rately) from each. Varnations in imaging accuracy and in the
uniformity of bead B magnetization will cause this differ-
ence to be nonzero for bead B signals, however the difler-
ence will generally have broad spatial scale. For the complex
signals, however, subtracting the characteristic bead B sig-
nal will leave behind the sharper bead A signal. These cases
may be distinguished by spatial filtering of the signal
differences.

[0122] FIGS. 10A-1, 10B-1, and 10C-1 show example

bead B 1mages. The diflerence signal images after subtract-
ing the characteristic bead B signal shown 1in 10A-2, 10B-2,
and 10C-2 have a gray scale amplified by a factor of 2.
[0123] FIGS. 11A-1, 11B-1, and 11C-1 show example
complex 1mages, showing sharp bead A signals circled 1n the
difference images shown in 11A-2, 11B-2, and 11C-2, which
are again amplified by a factor of 2 relative to the image
signals.

Combined Approaches

[0124] The bead discrimination approaches described
herein may also be used in combination to enhance discrimi-
nation performance or to discriminate between more than
two bead types and their combinations.

Additional Assay Features

Accounting for Variation in Bead Density

[0125] For a given number of bead complexes containing
the target analyte 1n a liquid sample suspension, the number
of complexes present within an 1maging field of view after
disposing the sample over the imaging sensor may vary due
to differences 1n the manner i which the sample was
disposed. For example, the sample may be disposed over the
sensor by adding a liquid droplet to the sensor surface and
allowing 1t to dry, such that vanations 1n the droplet volume
or 1ts 1nitial contact area with the sensor lead to variations 1n
bead complex density in the dried sample over the sensor
surface. By measuring the total number of bead A 1n the field
of view, including the unbound beads not contained in
complexes, the sample density variations may be measured
and accounted for. Dividing the number of complexes by the
number of bead A yields a quantity that 1s less sensitive to
variations 1n sample density, and thus may provide a more
precise measurement of the total number of bead complexes
in the sample and of the analyte concentration determined
from a calibration curve obtained as described above.

Accelerated Bead Interaction Kinetics

[0126] It 1s known in the art that immunoassays must
allow time for target analytes 1n a liquid sample to bind to
antibodies that enable detection of the target analytes.
Depending on the reagent concentration and sample condi-
tions (such as temperature, viscosity, and process for agi-
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tating or mixing the sample), several minutes may be
required for most analytes to become bound, even when
there 1s a large excess of binding sites available, due to the
time needed for the analyte to move through the sample by
diffusion or active shaking or stirring.

[0127] The rate of interactions between different beads 1n
the sample suspension may determine multi-bead assay
speed, since bead diffusion 1s generally slower than diffusion
of smaller molecular analytes. Since a bead-bound target
analyte may also occupy a relatively small fraction of the
bead’s surface area, when the bead to which the analyte 1s
bound interacts with a second bead, the analyte may not be
exposed to the second bead 1n a manner conducive for
binding (e.g., the interaction occurs on the side of the first
bead opposite to where the analyte 1s located). Several bead
interactions may be required on average to form an 1mmu-
nocomplex. The multi-bead assay time may be shortened by
performing processes to induce bead-bead interactions that
lead to immunocomplex formation, accelerating bead kinet-
ics beyond what may be expected for diffusion or stirring
alone.

[0128] In one embodiment, bead-bead interactions may be
induced by agglomerating a plurality of functionalized beads
of the first and second types, after contacting the sample
solution with the population of functionalized beads of the
second type, before detecting the complex, by means of
spinning the sample suspension on a centrifuge to concen-
trate the beads into a pellet 1n the sample tube. This process
can be performed in less than a minute with standard
benchtop centrifuge systems. Beads 1n the pellet may be
closely spaced or in contact with one another, resulting 1n
many bead interactions i1n the pellet. The pellet may be
re-suspended by mixing the suspension. This centrifuge
process may be repeated as necessary to ensure suflicient
interactions between beads to form immunocomplexes con-
taining the target analyte.

[0129] In another embodiment, 1f both bead A and bead B
are magnetic, then magnetic separation may be used to form
a pellet of beads in the sample suspension and induce
bead-bead interactions by applying a magnetic field gradient
to the sample solution after contacting the sample solution
with the functionalized beads of the first and second types.
As with the centrifuge process, this magnetic approach to
accelerating bead kinetics can be performed 1n less than a
minute and repeated as necessary to form immunocom-
plexes containing the target analyte. The magnetic approach
may be performed with permanent magnets for a simple,
mexpensive, and compact process with minimal power
consumption. An electromagnet may also be used to apply
the magnetic field with no moving parts.

[0130] In another embodiment, a bead pellet produced by
magnetic separation of a sample suspension can be agitated
without removing the magnetic field, but by varying or
otherwise changing the magnetic field gradient applied to
the sample solution with respect to the beads. For example,
the field magnitude, direction, or spatial distribution may be
changed or oscillated to apply different magnetic forces on
the beads. Alternatively, or additionally, the sample tube
may be moved with respect to the magnetic field. For
example, rotating the tube may move the pellet away from
its equilibrium position so that the pellet will be dragged by
the magnetic field gradient to a new position. These changes
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will cause beads 1n the pellet to move with respect to each
other and may induce additional bead interactions and
immunocomplex formation.

[0131] In an embodiment, a permanent magnet may be
moved relative to a tube containing a sample suspension
with magnetic beads of multiple types. The magnet may
follow a fixed pattern of motion. Exemplary cases include
the magnet orbiting the sample tube 1n a circle, rotating on
its own axis, or rocking back and forth between two points.
The motion may be continuous, 1n which case the bead pellet
will continuously move through the tube, subjecting the
beads to shear forces from the liquid, tube walls, and other
beads. This motion and the associated forces on the beads
will agitate the pellet continuously to drive bead-bead inter-
actions. In another exemplary case, the motion may occur 1n
discrete periods separated by periods of rest, in which the
bead pellet may concentrate to a higher bead density than 1s
achieved during continuous motion. If the different bead
types respond significantly differently to the field of the
permanent magnet, then the periods of rest will allow the
multiple bead types to co-localize more effectively than
during continuous motion.

[0132] In another embodiment, a plurality of permanent
magnets may be moved relative to a plurality of samples in
separate wells of a plate, such that the sample 1n each well
1s subjected to a magnetic field profile 1n time and space that
1s substantially similar. This approach allows for driving
bead-bead interactions 1n parallel over a plurality of samples
for improved sample preparation throughput.

[0133] Accelerating bead kinetics and the rate of bead-
bead interactions 1n sample suspension decreases the time
required to bind target analytes into detectable multi-bead
complexes. This method enables a rapid assay.

[0134] This method may also allow for a lower quantity of
binding ligands to be used on the bead surfaces, since the
likelihood of a given ligand to bind to the target analyte may
be increased by the increased frequency of bead-bead inter-
actions. Using fewer binding ligands may reduce the cost of
the assay significantly.

Multiplexing

[0135] It 1s often useful for an assay to measure concen-
tration of multiple distinct analytes 1n a single sample. A
multiplexed assay measures distinct target analytes by asso-
ciating a distinct signal with each target, so that the analyte
signals may be distinguished 1n the assay measurement. The
magnetic dual-bead assay may be generalized to a multi-
plexed multi-bead assay by using more than two distinguish-
able bead types. Diflerent analytes may be specifically
detected by observing the formation of analyte-specific
complexes including a plurality of functionalized beads of at
least a third type, functionalized to include at least a third
moiety that can specifically associate with at least a second
analyte under appropriate conditions.

[0136] In one embodiment, shown m FIGS. 12A and 12B,
consider a plurality of functionalized beads of the third type
1240 functionalized to include at least a third moiety 1245
that associates with the second analyte 1250 under suitable
conditions, and a plurality of functionalized beads of a
tourth type 1260, functionalized to include a fourth moiety
1265 that associates with the second analyte 1250 under
suitable conditions, resulting in four distinguishable bead
types: bead A 1210, bead B 1230, bead C 1240, and bead D
1260. Complexes of the form A-B 1201 or C-D 1202 may
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be formed through binding of two distinct analytes, first
analyte X 1220 and second analyte Y 1250, to moieties
coating each bead. In this case, bead A 1210 and bead B
1230 are coated with moieties 1215 and 1235, respectively,
targeting two distinct regions X1 and X2 of analyte X 1220;
bead C 1240 and bead D 1260 are coated with moieties 1245
and 1263, respectively, targeting two distinct regions Y1 and
Y2 of analyte Y 1250. The moieties on each bead are unique
to that bead. The A-B 1201 and C-D 1202 complexes may
be distinguished from each other and from the monomer
beads from their distinct magnetic properties.

[0137] In another embodiment, shown in FIGS. 13A and
13B, consider three distinguishable bead types: bead A 1310,
bead B 1320, and bead C 1330. Complexes of the form A-B
1301, B-C 1302, or A-C 1303 may be formed through
binding of three distinct analytes, analyte X 1311, analyte Y
1312, and analyte 7Z 1313, to moieties coating each bead.
The functionalized beads of the first type A 1310 further
include at least one additional moiety 1316 that associates
with the second analyte 1312 under suitable conditions. The
functionalized beads of the second type B 1320 further
include a moiety 1326 that associates with the third analyte
7. 1313 under suitable conditions. The functionalized beads
of the third type C 1330 are functionalized to include a
moiety 1335 and a moiety 1336, and therefore each bead 1s
coated with two distinct moiety types targeting two difierent
analytes: bead A 1310 1s coated with moieties for analyte X
1315 and for analyte Y 1316; bead B 1320 1s coated with
moieties for analyte X 1325 and for analyte Z 1326; bead C
1330 1s coated with moieties for analyte Y 1335 and for
analyte Z 1336. The moieties on each bead are unique to that
bead. The A-B 1301, B-C 1302, and A-C 1303 complexes
may be distinguished from each other and from the mono-
mer beads from their distinct magnetic properties.

[0138] Multiplexed assays must have a means of discrimi-
nating between signals associated with distinct target ana-
lytes, which 1n the case of multiplexed bead assays means
that the beads must be distinguishable. Bead fluorescence
may be used to discriminate between bead types with
different excitation and/or emission spectra. For example,
three bead types may emit blue, yellow, or red tluorescence
that may be distinguished using optical filters. Diflerent bead
types may also be prepared to fluoresce with different
intensities, so that the different types may be distinguished
in a fluorescence 1mage by discrete levels of brightness,
where difference between the levels exceeds variation within
the distribution of each bead type.

[0139] Distinct magnetic bead types may be distinguished
by preparing bead types with diflerent magnetlc properties
that can be distinguished by magnetic imaging. In an exem-
plary case, the distinct bead types may be prepared by
loading each bead type with specific and distinguishable
quantities of magnetic material. In another exemplary case,
distinct bead types may be prepared by loading each bead
type with different magnetic material exhibiting different
properties. The fully magnetic multi-bead assay described
above discriminates between two bead types 1n this manner.
A multiplexed assay may be implemented by adding addi-
tional distinguishable beads using distinct combinations of
the properties described above. For example, bead A may be
superparamagnetic, while bead B and C are ferromagnetic
with different coercivities derived from bead B and bead C
comprising different ferromagnetic materials. In this case,
the beads may be distinguished by measuring magnetic
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remanence after magnetization, and then also measuring
whether this remanence 1s reversed upon application of a
demagnetizing field that exceeds the coercivity of bead B,
but not that of bead C. The three beads 1n this case may be
used to implement a multiplexed assay for three analytes
using an embodiment described above.

Sample Preparation

[0140] One example of suitable conditions for sample
preparation for the multi-bead assay i1s to combine a few
drops of blood with the multi-bead mixture, incubate for a
few minutes with accelerated kinetic mixing and deposit the
sample solution on the diamond surface to dry followed by
magnetic imaging. The sample solution can be partially or
completely dehydrated before detecting the complex.
[0141] A suitable sample preparation proceeds as follows:
plasma or serum 1s diluted 1n assay butler 10-fold by adding,
5 ulL sample mto 45 ul assay bufler and briefly vortex
mixed. This diluted sample 1s further diluted 2x with 50 uL
of bead mix for a final of 100 uL. The bead mix includes
~100,000 capture beads and ~100,000 detector beads. The
final assay reaction 1s 20-fold dilution of sample 1n 100 ulL..
The assay reaction 1s incubated with vortex mixing (800
rpm) for 15 minutes at room temperature. The samples are
then placed 1n a centrifuge and spun at 1500 g for 3 minutes,
tollowed by pulse vortex mixing. The centrifugation and
mixing cycle 1s repeated twice more, after which the sample
1s placed against a permanent magnet (magnetic field ~300
mT) for 30 seconds to pellet the magnetic beads against the
sidewall of the reaction tube. The assay volume 1s removed
by pipette leaving the bead pellet intact on the side wall
against the magnet. The tube 1s removed from the magnet
and the pellet 1s suspended 1 500 ulL of wash bufler by
vortex mixing. The tube 1s pulse spun at 1500 g for 3
seconds to remove fluid from the cap, and placed on the
magnet for 30 seconds. The wash cycle 1s repeated 2 more
times for a total of 3 washes. The pellet 1s washed 1 time
with 200 ul of imaging builer and finally suspended in ~4
ul 1maging bufler. ~2 uL 1s applied to the diamond sensor
for magnetic 1maging.

[0142] The sample may be any chemical or biological
sample, such as whole blood, blood components (plasma,
serum), tissue culture, cell culture, bodily fluids (cerebral
spinal fluid (CSF), tears, saliva, breast milk, urine, semen,
nasal discharge), tissue samples (oral swabs, biopsies, sur-
gical resections), recombinant DNA, RNA or protein,
endogenous DNA, RNA or protein, synthetic nucleic acids
or protein peptides.

[0143] Further sample requirements may include volumes
of sample types from 0.1 uL. to 1000 uL.

[0144] Further sample requirements may include dilution
of sample types and volume 1nto assay buflers. Dilutions of
sample types may include dilution by a factor of 10-1,000.
Assay buflers may be determined empirically for optimized
signal generation and minmimized non-specific background,
or false binding of any kind.

[0145] Samples may be combined 1n various ways includ-
ing, for example, with multi-bead mixtures 1 blood collec-
tion tubes, assay tubes, assay plates/well, microfluidic
devices, reaction chambers, incubation chambers, lateral
flow devices, blood component separation devices, or other
liquid handling or mamipulation devices.

[0146] Samples may be mixed 1n various ways including,
for example, by magnetic fields, centrifugal force, gravity,
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sound 1nduced, light induced, electric induced, 1onic inter-
actions, van der Waals induced, Brownian motion, spinning,
or other mechanical means.

[0147] Samples may be mixed with multi-bead mixtures
for times necessary to capture targets of interest ranging
from, for example, a second to several hours.

[0148] Samples may be mtroduced to the magnetic 1imag-
ing device 1 various ways including, for example, by
pipette, capillary tflow tube or device, sample handling
device, liquid handling device, integrated device, lateral
flow device, disposable or reusable device.

[0149] Samples may be deposited on the diamond surface
by several modes of application including, for example,
pipetting, pouring, dripping, capillary flow, pumping, grav-
ity induced flow, magnetic induced flow, 10nic induced flow,
sound induced flow, light induced flow, mechanical vibra-

tion induced flow, sheath flow, centrifuge induced, and
thermal induced flow.

[0150] Samples may be magnetically imaged in a dry,
dehydrated (1.e., partially dry or gel), or wet state.

FURTHER EXAMPLE EMBODIMENTS

[0151] Example 1 1s a bead-based magnetic assay system
for detecting a complex including an analyte based on
optically detected magnetic resonance (ODMR), the system
comprising: (a) a plurality of functionalized beads of a first
type, which are magnetic functionalized beads and are
functionalized to include a first moiety that associates with
an analyte under suitable conditions, (b) a plurality of
functionalized beads of a second type, which are function-
alized to include a second moiety that associates with the
analyte under suitable conditions, (¢) a substrate including at
least one ODMR center, (d) a light source configured to
generate incident light that excites electrons within the at
least one ODMR center from a ground state to an excited
state, () a magnet for applying a bias magnetic field on a
complex disposed over the at least one ODMR center, the
complex including one of the first type of functionalized
bead, the analyte, and one of the second type of function-
alized bead, (1) a microwave source configured to generate
a microwave field incident on the at least one ODMR center,
the microwave source being further configured to generate
the microwave field with frequencies that correspond to
ground state transitions in the at least one ODMR center, 1n
which the at least one ODMR center produces emitted light
when 1lluminated by the mcident light, characteristics of the
emitted light being influenced by the microwave field and by
the magnetic functionalized bead associated with the analyte

in the complex, and an optical photodetector that detects
light emitted by the at least one ODMR center.

[0152] Example 2 includes the subject matter of Example
1, wherein the at least one ODMR center 1s a silicon vacancy
center 1n a silicon carbide lattice.

[0153] Example 3 includes the subject matter of Example
1, wherein the at least one ODMR center 1s a silicon vacancy
center 1n a diamond lattice.

[0154] Example 4 includes the subject matter of Example
1, wherein the at least one ODMR center 1s a nitrogen-
vacancy center 1 a diamond lattice.

[0155] Example 5 includes the subject matter of Example
4, wherein the at least one ODMR center 1s formed 1n an

upper surface of the substrate.
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[0156] Example 6 includes the subject matter of Example
5, wherein the at least one ODMR center 1s a plurality of
ODMR centers formed 1n the upper surface of the diamond
substrate.

[0157] Example 7 includes the subject matter of Example
6, wherein the optical photodetector 1s an optical 1imaging
system having an imaging sensor that images the emitted
light from the plurality of ODMR centers.

[0158] Example 8 includes the subject matter of any of
Examples 1-7, wherein each of the first and the second
moiety 1s a receptor, protein, antibody, cell, virus, or nucleic
acid sequence.

[0159] Example 9 includes the subject matter of any of
Examples 1-8, wherein the functionalized beads of the first
type are superparamagnetic functionalized beads including a
superparamagnetic material.

[0160] Example 10 ncludes the subject matter of Example
9, wherein the functionalized beads of the first type include
a nonmagnetic layer encapsulating the superparamagnetic
material.

[0161] Example 11 includes the subject matter of Example
9, wherein the superparamagnetic functionalized beads

include iron oxide particles.

[0162] Example 12 includes the subject matter of any of
Examples 1-11, wherein the functionalized beads of the first
type comprise magnetic nanoparticles disposed within a
polymer substrate.

[0163] Example 13 includes the subject matter of any of
Examples 1-11, wherein the functionalized beads of the first
type comprise magnetic nanoparticles disposed on a surface
of a polymer substrate.

[0164] Example 14 includes the subject matter of any of
Examples 1-13, wherein the functionalized beads of the
second type are fluorescent functionalized beads.

[0165] Example 15 includes the subject matter of any of
Examples 1-13, wherein the functionalized beads of the
second type are magnetic functionalized beads including a
quantity of magnetic matenial distinguishable from the func-
tionalized beads of the first type.

[0166] Example 16 includes the subject matter of any of
Examples 1-13, wherein the functionalized beads of the
second type are magnetic functionalized beads, the second
type of functionalized beads including a magnetic property
distinguishable from the functionalized beads of the first

type.
[0167] Example 17 includes the subject matter of Example

16, wherein the functionalized beads of the first type are
superparamagnetic functionalized beads including a super-
paramagnetic material.

[0168] Example 18 includes the subject matter of Example
1’7, wherein the functionalized beads of the first type include
a nonmagnetic layer encapsulating the superparamagnetic
material.

[0169] Example 19 includes the subject matter of Example
16, wherein the functionalized beads of the second type are
ferromagnetic functionalized beads including a ferromag-
netic material.

[0170] Example 20 includes the subject matter of Example
19, wherein the functionalized beads of the second type
include a nonmagnetic layer encapsulating the ferromag-
netic material.

[0171] Example 21 includes the subject matter of any of
Examples 1-20, wherein each of the first type of function-
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alized beads and the second type of functionalized beads has
a diameter 1n a range of between 50 nm and 10 um.
[0172] Example 22 includes the subject matter of Example
21, wherein each of the diameters of the functionalized
beads of the first type and the second type 1s 1n a range of
between 0.5 um and 5 um.

[0173] Example 23 includes the subject matter of Example
21, wherein the diameter of the functionalized beads of the
first type 1s similar to the diameter of the functionalized
beads of the second type.

[0174] Example 24 includes the subject matter of Example
21, wherein the diameter of the functionalized beads of the
first type 1s diflerent from the diameter of the functionalized
beads of the second type by at least 50%.

[0175] Example 25 includes the subject matter of any of
Examples 1-24, further including a plurality of functional-
1zed beads of at least a third type, functionalized to include
at least the second moiety that can specifically associate with
at least a second analyte under appropriate conditions.
[0176] Example 26 includes the subject matter of Example
25, further including a plurality of functionalized beads of a
fourth type, functionalized to include the second moiety that
associates with the second analyte under suitable conditions.
[0177] Example 27 includes the subject matter of Example
25, wherein the functionalized beads of the first and/or
second type further include at least one additional moiety
that associates with the second analyte under suitable con-
ditions.

[0178] Example 28 includes the subject matter of Example
2’7, further including a third moiety that associates with a
third analyte under suitable conditions, wherein the func-
tionalized beads of the first type are further functionalized to
include the second moiety, and the functionalized beads of
the second type are further functionalized to include the
third moiety.

[0179] Example 29 1s a method of detecting a complex
including an analyte, the method comprising: (a) contacting
a sample 1 a solution with a population of functionalized
beads of a first type, which are magnetic functionalized
beads and are functionalized to include a first moiety that
associates with an analyte under suitable conditions, (b)
contacting the sample solution with a population of func-
tionalized beads of a second type, which are tunctionalized
to include a second moiety that associates with the analyte
under suitable conditions, contact resulting in formation of
a complex 1ncluding one of the first type of functionalized
bead, the analyte, and one of the second type of function-
alized bead; and (¢) detecting the complex including the
analyte by detecting magnetic fields produced by the mag-
netic functionalized bead and by detecting the functionalized
bead of the second type associated with the analyte 1 the
complex.

[0180] Example 30 includes the subject matter of Example
29, turther including disposing the sample solution includ-
ing the complex over a substrate that includes at least one
optically detected magnetic resonance (ODMR) center
formed 1n the substrate; exciting electrons within the at least
one ODMR center from a ground state to an excited state
with incident light; applying a bias magnetic field on the
complex; and generating a microwave field incident on the
at least one ODMR center, the microwave field including
frequencies that correspond to ground state transitions in the
at least one ODMR center, wherein detecting the complex
including the analyte further includes analyzing light emat-
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ted by the at least one ODMR center, characteristics of the
emitted light being influenced by the microwave field and by
the magnetic functionalized bead associated with the analyte
in the complex.

[0181] Example 31 includes the subject matter of Example
30, wherein the at least one ODMR center 1s a nitrogen-
vacancy center 1 a diamond lattice.

[0182] Example 32 includes the subject matter of Example
31, wherein the at least one ODMR center 1s formed 1n an
upper surface of the substrate.

[0183] Example 33 includes the subject matter of Example
32, wherein the at least one ODMR center 1s a plurality of
ODMR centers formed in the upper surface of the substrate.
[0184] Example 34 includes the subject matter of Example
33, wherein analyzing light emitted by the plurality of
ODMR centers includes imaging the emitted light.

[0185] Example 35 includes the subject matter of any of
Examples 29-34, turther including applying a magnetic field
gradient to the sample solution after contacting the sample
with the population of functionalized beads of the first type.
[0186] Example 36 includes the subject matter of Example
35, wherein applying the magnetic field gradient to the
sample solution 1s performed after contacting the sample
solution with the population of functionalized beads of the
second type.

[0187] Example 37 includes the subject matter of any of
Examples 29-36, wherein the population of functionalized
beads of the first type and the population of functionalized
beads of the second type are added to the sample solution
sequentially.

[0188] Example 38 includes the subject matter of any of
Examples 29-3°7, wherein the functionalized beads of the
second type are fluorescent functionalized beads, and the
method further includes illuminating the complex with inci-
dent light that excites fluorescence within the functionalized
beads of the second type and fluorescence imaging of the
complex.

[0189] Example 39 includes the subject matter of any of
Examples 29-3°7, wherein the functionalized beads of the
second type are magnetic functionalized beads, including a
magnetic property distinguishable from the tunctionalized
beads of the first type.

[0190] Example 40 includes the subject matter of any of
Examples 29-39, further including applying a magnetic field
gradient to the sample solution after contacting the sample
solution with the functionalized beads of the first and second
types.

[0191] Example 41 includes the subject matter of Example
40, further including varying the magnetic field gradient
applied to the sample solution.

[0192] Example 42 includes the subject matter of any of
Examples 29-41, further including concentrating the sample
solution after contacting the sample solution with the popu-
lation of functionalized beads of the second type.

[0193] Example 43 includes the subject matter of any of
Examples 29-42, turther including agglomerating a plurality
of Tunctionalized beads of the first and second types, after
contacting the sample solution with the population of func-
tionalized beads of the second type, before detecting the
complex.

[0194] Example 44 includes the subject matter of any of
Examples 29-43, further including dehydrating the sample
solution after disposing the sample solution over the dia-
mond substrate.
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[0195] Example 45 1s a bead-based assay system for
detecting a complex including an analyte, the system com-
prising: (a) a plurality of functionalized beads of a first type,
which are magnetic functionalized beads and are function-
alized to 1include a first moiety that associates with an analyte
under suitable conditions, (b) a plurality of tunctionalized
beads of a second type, which are fluorescent functionalized
beads, and are functionalized to include an unlabeled moiety
that associates with the analyte under suitable conditions, (¢)
a light source configured to generate incident light that
excites fluorescence within the functionalized beads of the
second type, and (d) an optical photodetector that detects
fluorescence emitted by the functionalized beads of the
second type associated with the analyte in a complex includ-
ing one of the first type of functionalized bead, the analyte,
and one of the second type of functionalized bead.

[0196] Example 46 includes the subject matter of Example
45, wherein the fluorescent functionalized beads comprise a
polymer substrate impregnated with a fluorescent material.
[0197] Example 47 includes the subject matter of Example
45, wherein the optical fluorescence detector includes a
spectrophotometer.

[0198] Example 48 includes the subject matter of Example
45, wherein the optical fluorescence detector includes an
optical imaging sensor that images the fluorescence emitted
by the functionalized beads of the second type associated
with the analyte 1n the complex.

[0199] Example 49 includes the subject matter of any of
Examples 45-48, wherein the functionalized beads of the
first type are superparamagnetic functionalized beads.
[0200] Example 50 includes the subject matter of Example
49, wheremn the superparamagnetic functionalized beads
include 1ron oxide particles.

[0201] Example 51 includes the subject matter of any of
Examples 45-50, wherein the functionalized beads of the
first type include magnetic nanoparticles disposed within the
polymer substrate.

[0202] Example 52 includes the subject matter of any of
Examples 45-50, wherein the functionalized beads of the
first type include magnetic nanoparticles disposed on a
surface of the polymer substrate.

[0203] Example 53 1s a method of detecting a complex
including an analyte, the method comprising: (a) contacting
a sample 1n a solution with a population of functionalized
beads of a first type, which are magnetic functionalized
beads and are functionalized to include a first moiety that
associates with an analyte under suitable conditions, (b)
contacting the sample solution with a population of func-
tionalized beads of a second type, which comprise a polymer
substrate 1mpregnated with a fluorescent matenal, and are
functionalized to include an unlabeled moiety that associates
with the analyte under suitable conditions, contact resulting
in formation of a complex including one of the first type of
functionalized bead, the analyte, and one of the second type
of functionalized bead, (¢) i1lluminating the complex with
incident light that excites tluorescence within the function-
alized beads of the second type, and (d) detecting the
complex including the analyte by analyzing fluorescence
emitted by the functionalized beads of the second type
associated with the analyte 1n the complex.

[0204] Example 54 includes the subject matter of Example
53, further including applying a magnetic field gradient to
the sample solution after contacting the sample with the
population of functionalized beads of the first type.
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[0205] Example 55 includes the subject matter of Example
54, wherein applying the magnetic field gradient to the
sample solution 1s performed after contacting the sample
solution with the population of functionalized beads of the
second type.

[0206] Example 56 includes the subject matter of any of
Examples 53-55, further including concentrating the sample
solution after contacting the sample solution with the popu-
lation of functionalized beads of the second type, belfore
detecting the complex.

[0207] Example 57 includes the subject matter of any of
Examples 53-56, further including agglomerating a plurality
of Tunctionalized beads of the first and second types, after
contacting the sample solution with the population of func-
tionalized beads of the second type, before detecting the
complex.

[0208] Example 58 includes the subject matter of any of
Examples 53-57, further including dehydrating the sample
solution before detecting the complex.

EQUIVALENTS

[0209] Having thus described several illustrative embodi-
ments, 1t 15 to be appreciated that various alterations, modi-
fications, and improvements will readily occur to those
skilled 1n the art. Such alterations, modifications, and
improvements are intended to form a part of this disclosure,
and are intended to be within the spirit and scope of this
disclosure. While some examples presented herein involve
specific combinations of functions or structural elements, 1t
should be understood that those functions and elements may
be combined 1n other ways according to the present disclo-
sure to accomplish the same or diflerent objectives. In
particular, acts, elements, and features discussed 1n connec-
tion with one embodiment are not intended to be excluded
from similar or other roles in other embodiments. Addition-
ally, elements and components described herein may be
turther divided into additional components or joined
together to form fewer components for performing the same
functions.

[0210] The foregoing description of example embodi-
ments has been presented for the purposes of illustration and
description. It 1s not mntended to be exhaustive or to limait the
present disclosure to the precise forms disclosed. Many
modifications and variations are possible in light of this
disclosure. It 1s intended that the scope of the present
disclosure be limited not by this detailed description, but
rather by the claims appended hereto. Future filed applica-
tions claiming priority to this application may claim the
disclosed subject matter in a different manner, and may
generally include any set of one or more limitations as
variously disclosed or otherwise demonstrated herein.

What 1s claimed 1s:

1. A method of detecting a complex including an analyte,

the method comprising:

(a) contacting a sample 1n a solution with a population of
functionalized beads of a first type, which are magnetic
functionalized beads and are functionalized to 1nclude
a first moiety that can specifically associate with an
analyte under appropriate conditions;

(b) contacting the sample solution with a population of
functionalized beads of a second type, which are func-
tionalized to include a second moiety that associates
with the analyte under suitable conditions, contact
resulting 1n formation of a complex including one of
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the first type of functionalized bead, the analyte, and
one of the second type of functionalized bead; and

(¢) detecting the complex including the analyte by detect-
ing magnetic fields produced by the magnetic function-
alized bead and by detecting the functionalized bead of

the second type associated with the analyte in the
complex.

2. The method of claim 1, further including disposing the
sample solution including the complex over a substrate that
includes at least one optically detected magnetic resonance
(ODMR) center formed 1n the substrate; exciting electrons
within the at least one ODMR center from a ground state to
an excited state with incident light; applying a bias magnetic

field on the complex; and generating a microwave field
incident on the at least one ODMR center, the microwave
field including frequencies that correspond to ground state
transitions 1n the at least one ODMR center, wherein detect-
ing the complex including the analyte further includes
analyzing light emitted by the at least one ODMR center,
characteristics of the emitted light being intfluenced by the
microwave field and by the magnetic functionalized bead
associated with the analyte 1n the complex.

3. The method of claim 2, wherein the at least one ODMR
center 1s a nitrogen-vacancy center 1n a diamond lattice.

4. The method of claim 3, wherein the at least one ODMR
center 1s formed 1n an upper surface of the substrate.

5. The method of claim 4, wherein analyzing light emitted
by the plurality of ODMR centers includes imaging the
emitted light.

6. The method of claim 1, further including applying a
magnetic field gradient to the sample solution after contact-
ing the sample with the population of functionalized beads
of the first type.

7. The method of claam 1, wherein the population of
functionalized beads of the first type and the population of
functionalized beads of the second type are added to the
sample solution sequentially.

8. The method of claim 1, wherein the functionalized
beads of the second type are fluorescent tunctionalized
beads, and the method further includes illuminating the
complex with incident light that excites fluorescence within
the functionalized beads of the second type and fluorescence
imaging of the complex.

9. The method of claim 1, wherein the functionalized
beads of the second type are magnetic functionalized beads,
including a magnetic property distinguishable from the
functionalized beads of the first type.

10. The method of claim 1, further including applying a
magnetic field gradient to the sample solution after contact-
ing the sample solution with the functionalized beads of the
first and second types.

11. The method of claim 10, further including varying the
magnetic field gradient applied to the sample solution.

12. The method of claim 1, further including concentrat-
ing the sample solution after contacting the sample solution
with the population of functionalized beads of the second

type.
13. The method of claim 1, further including agglomer-

ating a plurality of functionalized beads of the first and
second types, after contacting the sample solution with the
population of functionalized beads of the second type,
betore detecting the complex.
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14. The method of claim 1, further including dehydrating
the sample solution after disposing the sample solution over
the diamond substrate.
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