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FIG. SA

(57) Abréegée/Abstract:

A system, cuvette (600) and method for analysing a sample such as a biological sample In which the sample Is located In the
sample chamber of a sample holder (600) of optically transmissive material. The sample Is illuminated to provide simultaneously epl
llumination and transillumination whereby the transillumination comprises light traveling from the single source (660) being
reflected from at least one surface (614, 618) of the optically transmissive material of the sample holder before entering the sampile.
The same single source also provides the epi illumination. The light having interacted with the sample Is preferably formed into an
Image which Is analysed.
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FIG. 8A

(57) Abstract: A system, cuvette (600) and method
for analysing a sample such as a biological sample in
which the sample 1s located in the sample chamber
of a sample holder (600) of optically transmissive
material. The sample 1s 1lluminated to provide simul-
tancously epi 1llumination and transillumination
whereby the transillumination comprises light travel-
ing from the single source (660) being reflected from
at least one surface (614, 618) of the optically trans-
missive material of the sample holder before enter-
ing the sample. The same single source also provides
the epi 1llumination. The light having interacted with
the sample is preferably formed into an image which
is analysed.
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IMAGE ANALYSIS AND MEASUREMENT OF BIOLOGICAL SAMPLES

BACKGROUND
[0001] Analysis of biological samples from a subject may be important for health-related
diagnosing, monitoring and/or treating of the subject. A variety of methods are known for the
analysis of biological samples. However, 1n order to provide better diagnosing, monitoring,

and/or treating of subjects, improvements in the analysis of biological samples are desired.

INCORPORATION BY REFERENCE
[0002] All publications, patents, and patent applications mentioned in this specification
arc herein incorporated by reference to the same extent as 1f each individual publication, patent,

or patent application was specifically and individually indicated to be incorporated by reference.

SUMMARY

[0003] Methods, devices, systems, and apparatuses described herein are useful for optical
and 1mage analysis and/or measurement of biological samples.

[0004] Embodiments disclosed herein include sample holders suitable for holding
samples, including biological samples, for optical examination, for optical measurement, and for
other examinations and measurements. In embodiments, a sample holder having an optically
transmissive portion and a portion configured to provide internal reflection of light within the
sample holder 1s provided. In embodiments, internal reflections may include partial internal
reflection and may include total internal reflection of light. Incident light from an external light
source, and directed from one side of the sample holder, 1s effective to 1lluminate a sample
within the sample holder from a plurality of directions. In embodiments, an external light source
disposed on one side of the sample holder may provide epi-1llumination of a sample within the
sample holder; may provide trans-1llumination of a sample within the sample holder; and/or may
provide both epi-i1llumination and trans-1llumination of a sample within the sample holder.

[0005] Embodiments disclosed herein include systems including sample holders suitable
for holding samples. Such systems are suitable for use 1n examining and measuring samples,
including biological samples, by, e.g., optical examination, optical measurement, and for other
examinations and measurements. In embodiments, a system disclosed herein comprises a sample
holder having an optically transmissive portion and a portion configured to provide internal
reflection of light within the sample holder 1s provided. In embodiments, internal reflections

within a sample holder of a system disclosed herein may include partial internal reflection and



CA 02878957 2015-01-095

WO 2014/018805 PCT/US2013/052141

may 1nclude total internal reflection of light. Systems disclosed herein may include light sources.
Incident light from a light source external to a sample holder, and directed from one side of the
sample holder, 1s effective to 1lluminate a sample within the sample holder from a plurality of
directions. In embodiments, a light source disposed external to, and on one side of, the sample
holder may provide epi-i1llumination of a sample within the sample holder; may provide trans-
1llumination of a sample within the sample holder; and/or may provide both epi-1llumination and
trans-1llumination of a sample within the sample holder. Systems disclosed herein may include a
detector, or detectors; such detectors may include optical detectors, and may include other
detectors. Such detectors are suitable for, and are configured to, make measurements of a sample
and of objects and characteristics of a sample and objects in a sample within a sample holder;
such measurements may include qualitative measurements and quantitative measurements.
Embodiments of systems as disclosed herein may include filters, apertures, gratings, lenses, and
other optical elements. Embodiments of systems as disclosed herein may include mechanical
apparatus for locating, moving, and adjusting a sample holder, a light source, a lens, a filter, or
other element or component of a system as disclosed herein. Embodiments of systems as
disclosed herein may include components and elements for transferring, aliquotting, holding,
heating, mixing, staining, conditioning, or otherwise preparing, manipulating or altering a
sample. Embodiments of systems as disclosed herein may include components and elements for
transporting, securing, filling, or otherwise manipulating a sample holder. Embodiments of
systems as disclosed herein may include components and elements for physical manipulation and
treatment of a sample, and for physical manipulation of a sample holder, where such components
and elements may include, without limitation, a pipette, a pump, a centrifuge, other mechanical
apparatus for moving and manipulating a sample, a sample holder, pipette tips, vessels, and
reagents for use with a sample, or portion thercof. Embodiments of systems as disclosed herein
may include components and elements for chemical analysis, including nucleic acid analysis,
protein analysis, general chemistry analysis, electrochemical analysis, and other analyses of a
sample or portion thereof.

[0006] Sample holders and systems disclosed herein may be used, and methods disclosed
herein may be performed, at any location, including a clinical laboratory, a research laboratory, a
clinic, a hospital, a doctor’s office, a point of service location, and any other suitable location.
Samples held by sample holders disclosed herein, and samples examined using systems and
methods disclosed herein, include any biological sample, and may be small biological samples.
In embodiments, a sample may be a small blood or urine sample, and may have a volume of less

than about 250 uL, or less than about 150 uL, or less than about 100 pL, or less than about 50
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ul, or less than about 25 uL, or less than about 15 uL, or may be the same as or less than the
volume of blood obtained from a finger-stick.

[0007] In one embodiment, a method for the measurement of a component of interest in
cells of a cellular population 1n a sample 1s provided, including: a) obtaining a quantitative
measurement of a marker present in cells of the cellular population 1n the sample; b) based on the
measurement of part a), determining, with the aid of a computer, an approximate amount of cells
in the cellular population present in the sample; ¢) based on the results of part b), selecting an
amount of reagent to add to the sample, wherein the reagent binds specifically to the component
of interest 1n cells of the cellular population and 1s configured to be readily detectable; d) based
on the results of part ¢), adding the selected amount of the reagent to the sample; ¢) assaying
cells 1n the sample for reagent bound to the component of interest; and f) based on the amount of
reagent bound to the component of interest, determining the amount of the component of interest
in cells of the cellular population of the sample. In an embodiment of the method, the reagent of
part ¢) 1s an antibody.

[0008] Applicants further disclose herein a method for the measurement of a component
of interest 1n cells of a cellular population 1n a sample, comprising: a) obtaining a quantitative
measurement of a marker present in cells, or of a property of cells, of the cellular population 1n
the sample; b) determining, with the aid of a computer, an approximate amount of cells 1n the
cellular population present in the sample based on the measurement of part a); ¢) adding an
amount of a cell marker to the sample, where the amount of said cell marker added 1s based on
the results of part b), and wherein the cell marker binds specifically to the component of interest
in cells of the cellular population and 1s configured to be readily detectable; d) assaying cells 1n
the sample for marker bound to the component of interest; and ¢) determining the amount of the
component of interest in cells of the cellular population of the sample based on the amount of
marker bound to the component of interest.

[0009] In another embodiment, a method for focusing a microscope 1s provided,
including: a) mixing a sample containing an object for microscopic analysis with a reference
particle having a known size, to generate a mixture containing the sample and reference particle;
b) positioning the mixture of step a) into a light path of a microscope; ¢) exposing the mixture of
step a) to a light beam configured to visualize the reference particle; and d) focusing the
microscope based on the position of the reference particle within the mixture, or based on the
sharpness of the image of the reference particle.

[0010] In yet another embodiment, provided herein 1s a method for 1dentifying a cell in a
sample containing a plurality of cells, including: a) assaying a cell of the plurality of cells for at

least one of: (1) the presence of a cell surface antigen; (11) the amount of a cell surface antigen; or
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(111) cell s1ze; b) assaying the cell of a) for at least one of: (1) nuclear size; or (11) nuclear shape;
and c¢) assaying the cell of a) and b) for quantitative cell light scatter, wherein the combination of
information from steps a), b) and ¢) 1s used to 1dentify the cell in the sample containing a
plurality of cells.

[0011] In yet another embodiment, provided herein 1s a system comprising a detector
assembly for use with a sample holder that holds a sample to be examined. In one non-limiting
example, the sample holder 1s a cuvette that has features and/or materials 1n 1t that enable the
cuvette to be engaged and moved from one location to the detector assembly. In some
embodiments, the detector assembly has a first surface that 1s configured to engage a surface of
the sample holder 1n a manner such that the interface between the two does not create optical
interference 1n the optical pathway from the detector assembly to the sample 1n the sample
holder. In one embodiment, there may be more than one location on the detector assembly for
one or more of the sample holders. Some embodiments may have the same sample holder for
cach of the locations. Optionally, some embodiments may have different sample holders for at
least some of the locations associated with the detector assembly.

[0012] In one embodiment described herein, a sample holder 1s provided herein such as
but not limited to a cuvette with optical properties, dimensions, materials, and/or physical
features that allow for 1t to hold the sample for analysis by the detector assembly while keeping 1t
physically separate from and not 1n direct contact with the detector assembly. This can be
particularly usetul for sample fluids that contain shaped members therein.

[0013] In one embodiment described herein, the detector assembly may be a multi-
channel microscopy unit that 1s configured to detect, obtain, or measure the shape, and physical,
optical, and biochemical properties of a cell or cells 1n a sample, all in the same device. It can
provide both quantitative information, and descriptive information. One embodiment of the
detector assembly may use multiple markers of the same color or wavelength, where the detector
assembly 1s configured to deconvolute signals originating from such markers in a sample (¢.g.,
bound to cells 1n a sample), allowing for a reduction in number of spectral channels and light
sources required in the assembly.

[0014] It should be understood that some embodiments herein may include a sample
holder such as but not limited to a cuvette with physical features in the shape of the cuvette
material that increase darkfield illumination where some features are configured to provide for
light reflectance (1including, but not limited to, reflectance of light within the cuvette), and some
features may optionally be configured for mechanical support; in embodiments, some features
may provide mechanical support and also provide for light reflectance. In embodiments, a

sample holder 1s configured to provide trans-1llumination of a sample by reflection of light
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within the sample holder. In embodiments, a sample holder 1s configured to provide trans-
1llumination of a sample by reflection of light within the sample holder; such reflectance may
include partial internal reflection (PIR), and such reflectance may include total internal
reflectance (TIR). In embodiments, a sample holder 1s configured to provide trans-i1llumination
of a sample by reflection of light within the sample holder, wherein the source of the reflected
light 1s disposed on the same side of the sample holder as the optics used to detect or measure the
light (1.e., the light source 18 an epi-1llumination light source).

[0015] The system herein can simultaneously use both ep1 (direct) and trans (reflected)
1llumination in darkfield imaging. This differs from traditional darkfield imaging which uses
either epi-1llumination, or trans-1llumination, but not both types of illumination, and not both
types of illumination from a single source or single direction or location. Thus, the combination
of epi- and trans-1llumination disclosed herein, wherein the trans-1llumination originates from the
same light source as the epi-illumination, differs from known systems. Optionally, the use of a
shaped sample holder such as the cuvette can be used to provide the trans-i1llumination. In
embodiments, a shaped sample holder 1s configured to provide trans-1llumination by reflection of
light. In embodiments, a shaped sample holder 1s configured to provide trans-1llumination by
reflection of light within the sample holder. In embodiments, one or more of the size, shape,
surface, materials, or other feature of a shaped sample holder 1s effective to provide internal
reflection of light within the shaped sample holder. In embodiments, one or more of the size,
shape, surface, materials, or other feature of a shaped sample holder 1s effective to provide partial
internal reflection (PIR) of light within the shaped sample holder. In embodiments, one or more
of the size, shape, surface, materials, or other feature of a shaped sample holder 1s effective to
provide total internal reflection (TIR) of light within the shaped sample holder. Optionally, the
intensity of trans-1llumination 1s non-negligible. In embodiments, a shaped sample holder may
include a reflective surface effective to increase trans-1llumination light intensity. The dark field
light source may be a light-emitting diode (LED), laser, or other 1llumination source that can
provide the desired 1llumination and/or excitation wavelength(s).

[0016] In one embodiment, the combination of the microscope objective and light source
such as but not limited to a ringlight (for darkfield microscopy) 1s at a physical distance between
them that enables a compact size for the detector assembly. In one embodiment, only light at a
desired wavelength or within a desired range of wavelengths are directed to the sample. In one
embodiment, the light 1s non-polarized light. In another embodiment, the light is polarized light.

[0017] In yet another embodiment, information from the cytometry assay, either from the
sample preparation phase and/or from the analysis phase, 1s used to guide and/or trigger a

secondary procedure. In embodiments, such a secondary procedure may be to provide an alert
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for direct human review. In embodiments, such a secondary procedure may be to use an
estimated cell count or other information obtained during a sample preparation step of a
procedure 1n order to guide the performance of an assay, where such assay may be an assay in a
later step of the procedure, or may be an assay in another procedure.

[0018] Techniques for counting cells can also provide ways to deal with sample holders
with uneven shapes and/or chamber surtaces. One method comprises using: a) a volume-
metered channel technique to introduce a known volume of a sample 1nto an analysis area, such
as a channel 1n the sample holder. The method may include counting all cells 1n the sample
holder. Smce one knows the volume of sample, one also knows the concentration of cells 1n
volume (this may be performed 1n hydrophobic containers or cuvettes or sample holders with
chambers with such surfaces). Another method comprises: b) a ratio-based metric technique to
mix sample with a known amount of beads, which 1s used to calculate the concentration of cells
in the sample based on the number of beads observed.

[0019] In yet another embodiment described herein, a method 1s provided comprising
measuring formed blood components such as but not limited to measuring red blood cell (RBC)
volume 1n a blood sample by causing the RBCs to assume substantially spherical shapes, and
measuring the RBC volume using darkfield microscopy.

[0020] In yet another embodiment described herein, a method 1s provided comprising
measuring platelet volume. The method may include labeling platelets with a fluorescent dye and
measuring the size of the platelets observed; adding beads of known size to the sample; and
comparing the observed size of 1mages of the beads to the observed 1images of the platelets, using
the beads as calibration to determine the size of the platelets and to determine the platelet volume
in the sample.

[0021] In yet further embodiments described herein, methods are provided for detecting
and measuring, 1n a sample, cell morphology; measurement of cell numbers; detection of
particles; measurement of particle numbers; detection of crystals; measurement of crystal
numbers; detection of cell aggregates; measurement of numbers of cell aggregates; and other
properties and quantities of or 1n a sample.

[0022] Accordingly, Applicants disclose herein:

[0023] A system for analyzing a sample, the system comprising: a sample holder
comprising a sample chamber configured to hold said sample, at least a portion of said sample
holder comprising an optically transmissive material, said optically transmissive material
comprising an optically transmissive surface and a reflective surface; and an illumination source
configured to provide light that illuminates and passes through said optically transmissive

surface; wherein said sample holder 1s configured effective that said light from said 1llumination
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source simultancously provides both epi-1llumination and trans-1llumination to a sample 1n the
sample holder, where epi-1llumination comprises light traveling from said 1llumination source to
said sample without reflection at a surface of the optically transmissive material of the sample
holder, and where trans-1llumination comprises light traveling within the optically transmissive
material and to the sample following at least one reflection from at least one surface of said
optically transmissive material. In embodiments, a sample holder of a system having the features
disclosed herein may comprise a cuvette having an elongated channel configured for holding a
sample. In embodiments, the sample holder may have one or more optically non-transmissive
surfaces.

[0024] In embodiments of systems disclosed herein, said trans-1llumination may be
provided at least in part by internal reflection of light at a surface, and may be provided at least
in part by total internal reflection of light within the cuvette. In embodiments of systems
disclosed herein, said trans-1llumination may be provided at least in part by partial internal
reflection of light at a surface, and may be provided at least in part by partial internal reflection
of light within the cuvette.

[0025] In embodiments, a sample holder may have two or more sample chambers for
holding sample. A sample holder, e.g., a cuvette, having feature disclosed herein may have a
rectangular horizontal, cross-sectional shape; may have a circular horizontal, cross-sectional
shape; may have a saw tooth vertical cross-sectional shape; may have a step-shaped vertical
cross-sectional shape; or may have another shape.

[0026] In embodiments, a sample holder may be movable relative to an 1llumination
source, and may be movable to a plurality of locations, wherein an optically transmissive surface
of the sample holder may be illuminated by the 1llumination source at each location.

[0027] In embodiments, an 1llumination source may include a ringlight. In embodiments,
a ringlight may be selected from a light emitting diode (LED)-based ringlight and a laser-based
ringlight.

[0028] In embodiments, a system as disclosed herein may include a support structure
having an optically transmissive surface shaped to engage an optically transmissive surface of
the sample holder.

[0029] In embodiments, a system as disclosed herein may have a compression device
configured to retain the sample holder 1n a desired location for 1llumination by the 1llumination
source.

[0030] In embodiments, a system as disclosed herein may include a detector configured

to 1mage at least a portion of a channel 1n the sample holder.
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[0031] In embodiments, a sample holder as disclosed herein may include an elongated
channel configured to contain at least a portion of the sample, and wherein a detector 1s
configured to image an entire elongated channel in the sample holder.

[0032] In embodiments, a sample holder as disclosed herein may be configured to hold
the sample 1n a static, non-flowing manner during imaging; in embodiments, a sample holder
may be configured to hold one portion of the sample 1n a static, non-flowing manner and another
portion 1n a flowing manner.

[0033] In embodiments, an 1llumination source as disclosed herein may be movable
relative to the sample holder.

[0034] In embodiments, a sample holder as disclosed herein may be configured to hold
the sample 1n a flowing manner during 1imaging.

[0035] In embodiments, a sample holder as disclosed herein may include a fluid circuit
fully confined 1n the sample holder, and wherein the sample 1s located 1n said fluid circuit,
cttective that the sample remains separate from said detector.

[0036] In embodiments, a sample holder as disclosed herein 1s movable relative to the
detector. In embodiments, a detector as disclosed herein 1s movable relative to the sample holder.

[0037] In embodiments, a sample holder and an 1llumination source as disclosed herein
comprise at least part of an optical analysis unit, and the system further includes a clinical
analysis unit configured to perform clinical analysis on a sample.

[0038] In embodiments, a system as disclosed herein 1s configured to provide an aliquot
of a single sample to an optical analysis unit and to a clinical analysis unit, effective that the
clinical analysis unit and the optical analysis unit may perform optical analysis and clinical
analysis on portions of a sample at the same time. In embodiments, such a clinical analysis may
be selected from general chemical analysis, nucleic acid analysis, and enzyme-linked binding
analysis.

[0039] In embodiments, a system as disclosed herein may include a plurality of clinical
analysis units, wherein each of such clinical analysis units 1s configured to provide a clinical
analysis selected from general chemical analysis, nucleic acid analysis, and enzyme-linked
binding analysis.

[0040] Applicants further provide a cuvette comprising a sample chamber configured to
hold a sample, at least a portion of said cuvette comprising an optically transmissive material,
said optically transmissive material comprising an optically transmissive surface and a reflective
surface, wherein said optically transmissive surface and said reflective surtace are configured
cttective that light passing through the optically transmissive surface simultaneously provides

both epi-1llumination and trans-1llumination to said sample 1n the sample chamber, where epi-
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1llumination comprises light traveling from said 1llumination source to the sample without
reflection at a surface of the optically transmissive material, and where trans-1llumination
comprises light traveling within the optically transmissive material and to the sample following
at least one reflection from at least one surface of said optically transmissive material.

[0041] In embodiments, a cuvette as disclosed herein has a sample chamber comprising
an clongated channel. In embodiments, a cuvette as disclosed herein comprises two or more
sample chambers for holding sample.

[0042] In embodiments, a cuvette as disclosed herein may have one or more optically
non-transmissive surfaces.

[0043] In embodiments, trans-1llumination may be provided 1n a cuvette as disclosed
herein, at least in part by internal reflection of light within the cuvette. In embodiments, trans-
illumination may be provided 1n a cuvette as disclosed herein, at least in part by partial internal
reflection of light at a surface of the cuvette. In embodiments, trans-1llumination may be
provided m a cuvette as disclosed herein, at least in part by total internal reflection of light at a
surface of the cuvette.

[0044] In embodiments, a cuvette as disclosed herein may have a rectangular horizontal,
cross-sectional shape; in embodiments, a cuvette as disclosed herein may have a circular
horizontal, cross-sectional shape. In embodiments, a cuvette as disclosed herein may have a saw
tooth vertical cross-sectional shape; 1n embodiments, a cuvette as disclosed herein may have a
step-shaped vertical cross-sectional shape.

[0045] Applicants disclose methods herein. For example, Applicants disclose herein a
method of 1dentifying a cell in a sample containing a plurality of cells, comprising: (a) placing
said sample 1n a sample holder comprising a sample chamber configured to hold the sample, at
least a portion of said sample holder comprising an optically transmissive material, said optically
transmissive material comprising an optically transmissive surface and a reflective surface,
wherein said optically transmissive surface and said reflective surface are configured effective
that light passing through the optically transmissive surface simultancously provides both epi-
1llumination and trans-i1llumination to the sample 1n the sample chamber, where epi-1llumination
comprises light traveling from said 1llumination source to the sample without reflection at a
surface of the optically transmissive material, and where trans-1llumination comprises light
traveling within the optically transmissive material and to the sample following at least one
reflection from at least one surface of said optically transmissive material; (b) illuminating said
sample holder effective to simultancously provide both epi-illumination and trans-1llumination of
the sample; and (¢) 1dentifying a cell in the sample. In embodiments, methods disclosed herein

include methods wherein said 1dentifying comprises 1identifying said cell with a detector
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configured to image at least a portion of said sample chamber. In embodiments disclosed herein,
a sample chamber for use 1 such methods may comprise an elongated channel.

[0046] Applicants further disclose herein a method for focusing a microscope,
comprising: a) mixing a sample containing an object for microscopic analysis with a reference
particle having a known size, effective to generate a mixture containing the sample and reference
particle; b) positioning the mixture of step a) into a light path of a microscope; ¢) exposing the
mixture of step a) to a light beam configured to visualize the reference particle; and d) focusing
the microscope based on the position of the reference particle within the mixture or based on the
sharpness of an image of the reference particle.

[0047] Applicants disclose herein a method of 1dentifying a cell in a sample containing a
plurality of cells, comprising: (a) assaying a cell of the plurality of cells for at least one of: (1) the
presence of a cell surface antigen; (11) the amount of a cell surface antigen; or (111) cell size; (b)
assaying the cell of (a) for at least one of: (1) nuclear size; or (11) nuclear shape; and (¢) assaying
the cell of (a) and (b) for quantitative cell light scatter, wherein the combination of information
from steps (a), (b), and (¢) 18 used to 1dentify the cell in the sample containing a plurality of cells.

[0048] In at least one embodiment described herein, a system for imaging a sample, the
system comprising: a sample vessel containing said sample, a stage having a sample vessel
receiver with an optically transparent surface; a light source for illuminating formed components
in the sample through the stage, wherein the sample vessel has an interface surface configured to
engage the optically transparent surface of the sample vessel recerver whereby the interface
surface conforms to the optically transparent surface without significant distortion of light
passing through the interface surtace.

[0049] It should be understood that embodiments herein may be configured to include
one or more of the following features. For example, the interface surface of the sample vessel
may be formed from a polymer material. Optionally, this may be a transparent material.
Optionally, the interface surtace of the sample vessel 1s formed of a material softer than a
material used to form the optically transparent surface of the sample vessel recerver. Optionally,
a compression unit 18 provided for applying pressure to conform the interface surface to a shape
configured to conform with the optically transparent surface of the sample vessel receiver.
Optionally, a handling unit may be configured to be coupled to the sample vessel to facilitate
transport of sample vessel on and off the stage, and increase mechanical rigidity of the sample
vessel. Optionally, the handling unit may be an optically opaque unit configured to be coupled to
the sample vessel. Optionally, the handling unit may be formed with physical features,
protrusions, or the like to facilitate engagement with a robotic manipulator, pipette unit, or other

mechanical mover. Optionally, the handling unit may be formed with magnetic,
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clectromagnetic, or other features to facilitate engagement and/or disengagement. Optionally, all
imaging of the sample may be done without passing light in a substantially straight line through
one surface and out an opposing surface to a detector. Optionally, the light source 1s not located
on one side of the sample vessel to deliver light to a detector on an opposite side of the sample
vessel.

[0050] It should be understood that embodiments 1n this disclosure may be adapted to
have one or more of the features described 1n this disclosure.

[0051] This Summary 1s provided to introduce a selection of concepts 1n a simplified
form that are further described below in the Detailed Description. This Summary 1s not intended
to 1dentify key features or essential features of the claimed subject matter, nor 1s 1t intended to be

used to limit the scope of the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0052] Figure 1 shows: (A) a plot of side scatter intensity (x-axis) vs. fluorescence
intensity of a mixture cells including natural killer cells and neutrophils labeled with a
fluorescent binder that recognizes CD16; (B) a bar graph showing the ratio of nuclear area to
total cell area of natural killer cells (“NK”) and neutrophils (“Neu”); (C) natural killer cells
stained with anti-CD16 antibody (left column) and a nuclear stamn (right column); (D)
neutrophils stained with anti-CD16 antibody (left column) and a nuclear stain (right column).

[0053] Figure 2 shows: (A) platelets labeled with fluorescently conjugated CD41 and
CD61 antibodies (bright dots); (B) intensity distribution of images of fluorescently labeled
platelets at 10X (left) and 20X (right) magnification; (C) intensity distribution of an image of a
fluorescently labeled platelet showing measured intensity (light grey) and curve fit to the
measured intensity (dark grey).

[0054] Figure 3 shows: a plot of curve of showing the relationship between the nominal
diameter of standard particles 1n um (x-axis) and fluorescence intensity-based size measure in
a.u. (y-axis). The figure also shows representative beads at different points along the curve.

[0055] Figure 4 shows: sphered red blood cells imaged by dark field microscopy in
cuvettes that allow (A) only epi-1llumination, and (B) a mixture of epi- and trans-1llumination.

[0056] Figure 5 shows: (A) putative band neutrophils stained with anti-CD16 antibody
and a nuclear stain; (B) putative segmented neutrophils stained with anti-CD16 antibody and a
nuclear stain.

[0057] Figure 6A shows an embodiment of an optical system suitable as part of device
or system as disclosed herein, and suitable for use in methods disclosed herein, including

exemplary optics (e.g., a light-source shown as a ringlight, and an objective), cuvette, and a
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support structure configured to hold and position a cuvette for imaging. In this embodiment, the
cuvette has a rectangular horizontal cross-sectional shape.

[0058] Figure 6B shows an embodiment of an optical system suitable as part of device
or system as disclosed herein, and suitable for use in methods disclosed herein, including
exemplary optics (e.g., a light-source shown as a ringlight, and an objective), cuvette, and a
support structure configured to hold and position a cuvette for imaging. In this embodiment, the
cuvette has a circular horizontal cross-sectional shape.

[0059] Figure 7A shows embodiments of elements of an optical system suitable for use
1in a device or system as disclosed herein, and suitable for use 1n methods disclosed herein.

[0060] Figure 7B shows embodiments of elements of an optical system suitable for use
1in a device or system as disclosed herein, and suitable for use 1n methods disclosed herein,
comprising a further lens and an aperture suitable for limiting the range of angles of scattered
light which reach a detector.

[0061] Figure 8A provides a view of an embodiment of an optical system including a
support structure for holding a cuvette for imaging of a sample, in which light from a ringlight
1llumination system falls directly on the sample (epi-1llumination), and light 1s also reflected
from feature of the cuvette so as to provide trans-i1llumination as well. In this embodiment, the
cuvette has a step-shaped vertical cross-sectional shape.

[0062] Figure 8B provides a view of an embodiment of an optical system including a
support structure for holding a cuvette for imaging of a sample, in which light from a ringlight
1llumination system falls directly on the sample (epi-illumination), and light 1s also reflected
from feature of the cuvette so as to provide trans-i1llumination as well. As shown, incident light
may be completely reflected at a surface (total internal reflection, TIR) or only a portion of
incident light may be reflected at a surface (partial internal reflection, PIR). In this embodiment,
the cuvette has a saw tooth vertical cross-sectional shape.

[0063] Figure 8C shows an embodiment of an optical system suitable as part of device
or system as disclosed herein, and suitable for use in methods disclosed herein, including
exemplary optics (e.g., a light-source shown as a ringlight, and an objective), cuvette, and a
support structure configured to hold and position a cuvette for imaging. In this embodiment, the
cuvette 1ncludes features which affect the path of light 1lluminating the cuvette and the sample
within the cuvette.

[0064] Figure 8D shows an embodiment of an optical system suitable as part of device
or system as disclosed herein, and suitable for use in methods disclosed herein, including
exemplary optics (e.g., a light-source directing light from a transverse direction), cuvette, and a

support structure configured to hold and position a cuvette for imaging. In this embodiment, the
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cuvette includes features which affect the path of light 1lluminating the cuvette and the sample
within the cuvette.

[0065] Figure 8E provides a schematic representation of transport of a cuvette from a
sample preparation location to a sample observation location near an optical detector (labeled
“D”).

[0066] Figure 8F provides a further, detailed schematic representation of system
including a transport mechanism for transporting a cuvette from a sample preparation location to
a sample observation location near an optical detector.

[0067] Figure 9 1s composite image which shows representative images of blood cells
taken from whole blood, using different imaging techniques and dyes. Fig. 9A 1s a dark-field
image; Fig. 9B 1s an image showing fluorescence from labeled anti-CD14 antibodies attached to
monocytes; Fig. 9C 1s an image showing fluorescence from labeled anti-CD 123 antibodies
attached to basophils; Fig. 9D 1s an image showing fluorescence from labeled anti-CD16
antibodies attached to neutrophils; Fig. 9E 1s an image showing fluorescence from labeled anti-
CD45 antibodies attached to leukocytes; Fig. 9F 1s an image showing leukocyte and platelet cells
stained with nuclear stain DRAQS5® (red blood cells, lacking nuclei, are not stained by
DRAQ5®).

[0068] Figure 10 1s composite image which shows representative images of blood cells
taken from whole blood, showing a monocyte, a lymphocyte, an eosinophil, and a neutrophil.

[0069] Figure 11 shows plots of fluorescence detected on cells labeled with different
markers (labeled antibodies directed at different cell-surface or other markers); such multiple
labeling 1s useful for identifying cells. Fig. 11A shows 1dentification of monocytes by plotting
CD14 label intensity (FL-17) versus scatter intensity (FL-9). Fig. 11B shows 1dentification of
basophils by plotting CD123 intensity (FL-19) versus CD16 intensity (FL-15). Fig. 11C shows
1identification of lymphocytes by plotting CD16 intensity (FL-15) versus CD45 intensity (FL-11).
Fig. 11D shows 1dentification of neutrophils and eosinophils by plotting CD 16 intensity (FL-15)
versus scatter intensity (FL-9).

[0070] Figure 12 shows comparisons of cell counts (measured from aliquots of the same
blood sample) obtained by the present methods, and those obtained by other methods (using a
commercial blood analyzer). Fig. 12A plots white blood cell counts obtained by the present
methods versus white blood cell counts obtained by the commercial blood analyzer. Fig. 12B
plots red blood cell counts obtained by the present methods versus red blood cell counts obtained
by the commercial blood analyzer. Fig. 12C plots platelet counts obtained by the present
methods versus platelet counts obtained by the commercial blood analyzer. Fig. 12D plots

neutrophil counts obtained by the present methods versus neutrophil counts obtained by the
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commercial blood analyzer. Fig. 12E plots monocyte counts obtained by the present methods
versus monocyte counts obtained by the commercial blood analyzer. Fig. 12F plots lymphocyte
counts obtained by the present methods versus lymphocyte counts obtained by the commercial
blood analyzer.
DETAILED DESCRIPTION

[0071] Description and disclosure which may aid in understanding the full extent and
advantages of the devices, systems, and methods disclosed herein may be found, for example, 1n
U.S. Patent 7,888,125; U.S. Patent 8,088,593; U.S. Patent 8,158,430; U.S. Patent 8,380,541;
U.S. Pat. App. Ser. No. 13/769,798, filed February 18, 2013; U.S. Pat. App. Ser. No. 61/802,194,
filed March 15, 2013; U.S. Pat. App. Ser. No. 13/769,779, filed February 18, 2013; U.S. Pat.
App. Ser. No. 13/244,947 filed Sept. 26, 2011; PCT/US2012/57155, filed September 25, 2012;
U.S. Application Serial No. 13/244,946, filed September 26, 2011; U.S. Patent Application
13/244,949, filed September 26, 2011; and U.S. Application Serial No. 61/673,245, filed
September 26, 2011, the disclosures of which patents and patent applications are all hereby
incorporated by reference in their entireties.

[0072] It 1s to be understood that both the foregoing general description and the
following detailed description are exemplary and explanatory only and are not restrictive of the
invention, as claimed. It may be noted that, as used 1n the specification and the appended claims,

€6 %% <6
d

the singular forms “a”, “an” and “the” include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to “a material” may include mixtures of materials,
reference to “a compound” may include multiple compounds, and the like. References cited
herein are hereby incorporated by reference in their entirety, except to the extent that they
conflict with teachings explicitly set forth 1n this specification.

[0073] In this specification and 1n the claims which follow, reference will be made to a
number of terms which shall be defined to have the following meanings:

[0074] “Optional” or “optionally” means that the subsequently described circumstance
may or may not occur, so that the description includes instances where the circumstance occurs
and 1nstances where 1t does not. For example, if a device optionally contains a feature for a
sample collection unit, this means that the sample collection unit may or may not be present, and,
thus, the description includes both structures wherein a device possesses the sample collection
unit and structures wherein sample collection unit 1s not present.

[0075] As used herein, the terms “substantial” means more than a minimal or
insignificant amount; and “substantially” means more than a minimally or insignificantly. Thus,

for example, the phrase "substantially different”, as used herein, denotes a sufficiently high

degree of difference between two numeric values such that one of skill 1n the art would consider
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the difference between the two values to be of statistical significance within the context of the
characteristic measured by said values. Thus, the difference between two values that are
substantially different from each other 1s typically greater than about 10%, and may be greater
than about 20%, greater than about 30%, greater than about 40%, or greater than about 50% as a
function of the reference value or comparator value.

[0076] As used herein, “internal reflection” refers to reflection of light, within a material
(the first material), at a boundary between the first material and another material (the second
material). For example, a first material may be a solid such as a glass or plastic, and the second
material may be, e.g., air. The light that 1s internally reflected 1s traveling within the first material
before 1t 18 reflected. Internal reflection may be partial (partial internal reflection: PIR) or total
(total internal reflection: TIR). Thus, internal reflection where all of the light incident at a surface
1s reflected back within the first material 1s TIR, while internal reflection where not all light
incident at a surface 1s reflected within a material 1s PIR. (With PIR, some light may pass
through the boundary, and some light 1s reflected at the surface back into the material.) The angle
of the incidence 18 an important factor in determining the extent of internal reflection; 1t 1s the
angle of an incident light ray measured versus a line perpendicular to the boundary surtace.
Whether or not TIR occurs depends upon the angle of incidence of the light with respect to the
surface at the boundary between the first and the second material; the index of refraction of the
first material; the index of refraction of the second material; and other factors (e.g., the
wavelength of light may affect TIR since the index of refraction typically varies with
wavelength). The angle at which light 1s totally internally reflected 1s termed the critical angle;
incident light having an angle of incidence greater than the critical angle will be totally internally
reflected (will remain within the material: TIR). However, with PIR, a portion of incident light
having an angle of incidence less than the critical angle will also be internally reflected (the
remaining light being refracted and passing out of the first material into the second material).

[0077] As used herein, a “sample” may be but 1s not limited to a blood sample, or a urine
sample, or other biological sample. A sample may be, for example, a blood sample (e.g., a
sample obtained from a finger-stick, or from venipuncture, or an arterial blood sample, and may
be whole blood, serum, plasma, or other blood sample), a urine sample, a biopsy sample, a tissue
slice, stool sample, or other biological sample; a water sample, a so1l sample, a food sample, an
air sample; or other sample (e.g., nasal swab or nasopharyngeal wash, saliva, urine, tears, gastric
fluid, spinal fluid, mucus, sweat, earwax, o1l, glandular secretion, cerebral spinal fluid, tissue,
semen, cervical fluid, vaginal fluid, synovial fluid, throat swab, breath, hair, finger nails, skin,
biopsy, placental fluid, amniotic fluid, cord blood, lymphatic fluids, cavity fluids, sputum,

mucus, pus, a microbiota sample, meconium, breast milk and/or other excretions).
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[0078] Thus, as used herein, a “sample” includes a portion of a blood, urine, or other
biological sample, may be of any suitable size or volume, and 1s preferably of small size or
volume. In some embodiments of the systems, assays and methods disclosed herein,
measurements may be made using a small volume blood sample, or no more than a small volume
portion of a blood sample, where a small volume comprises no more than about 5 mL; or
comprises no more than about 3 mL; or comprises no more than about 2 mL; or comprises no
more than about 1 mL; or comprises no more than about 500 uL; or comprises no more than
about 250 uL; or comprises no more than about 100 uL; or comprises no more than about 75 uL;
or comprises no more than about 50 uL; or comprises no more than about 35 uL; or comprises
no more than about 25 uL; or comprises no more than about 20 pL; or comprises no more than
about 15 uL; or comprises no more than about 10 uL; or comprises no more than about 8 uL; or
comprises no more than about 6 uL; or comprises no more than about 5 uLL; or comprises no
more than about 4 uL; or comprises no more than about 3 uL; or comprises no more than about 2
uL; or comprises no more than about 1 uL; or comprises no more than about 0.8 uL; or
comprises no more than about 0.5 uL; or comprises no more than about 0.3 uL; or comprises no
more than about 0.2 uL; or comprises no more than about 0.1 pL; or comprises no more than
about 0.05 uL; or comprises no more than about 0.01 pL.

[0079] In embodiments, the volume of sample collected via finger-stick may be, ¢.g.,
about 250 uL or less, or about 200 uL or less, or about 150 uL or less, or about 100 uL or less,
or about 50 uL or less, or about 25 uL or less, or about 15 uL or less, or about 10 uL or less, or
about 10 uL or less, or about 5 uLL or less, or about 3 uLL or less, or about 1 uL or less.

[0080] As used herein, the term “point of service location” may include locations where a
subject may receive a service (e.g. testing, monitoring, treatment, diagnosis, guidance, sample
collection, ID verification, medical services, non-medical services, etc.), and may include,
without limitation, a subject's home, a subject's business, the location of a healthcare provider
(e.g., doctor), hospitals, emergency rooms, operating rooms, clinics, health care professionals'
offices, laboratories, retailers [e.g. pharmacies (e.g., retail pharmacy, clinical pharmacy, hospital
pharmacy), drugstores, supermarkets, grocers, etc.], transportation vehicles (e.g. car, boat, truck,
bus, airplane, motorcycle, ambulance, mobile unit, fire engine/truck, emergency vehicle, law
enforcement vehicle, police car, or other vehicle configured to transport a subject from one point
to another, etc.), traveling medical care units, mobile units, schools, day-care centers, security
screening locations, combat locations, health assisted living residences, government offices,
office buildings, tents, bodily fluid sample acquisition sites (e.g. blood collection centers), sites
at or near an entrance to a location that a subject may wish to access, sites on or near a device

that a subject may wish to access (e.g., the location of a computer 1f the subject wishes to access
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the computer), a location where a sample processing device receives a sample, or any other point
of service location described elsewhere herein.

[0081] The term “cells,” as used 1n the context of biological samples, encompasses
samples that are generally of similar sizes to individual cells, including but not limited to vesicles
(such as liposomes), cells, virions, and substances bound to small particles such as beads,
nanoparticles, or microspheres.

[0082] As used herein, the term “binds” refers to a reaction, or interaction, between two
materials which lead to the close combination of the two; ¢.g., a reaction between a ligand and a
receptor, 1n which the ligand becomes tightly linked to the receptor, provides an example of
binding. The combination of an antibody with its target antigen, and of a carrier protein with its
cargo, such as intrinsic factor with vitamin B12, are further examples of reactions in which one
material binds to another.

[0083] The term “binder” as used herein refers generally to any compound or
macromolecule, such as an antibody, which tightly or specifically binds to a target. Binders
include, but are not limited to, antibodies (whether monoclonal or polyclonal, antibody
fragments, immunoadhesins, and other such antibody variants and mimics), natural binding
proteins (e.g., intrinsic factor protein which 1s specific for vitamin B12), ligands which bind their
target receptors, substrates which bind to particular enzymes, binding pairs such as avidin and
biotin, small molecules which tightly and specifically bind to target molecules, and the like.
Bacteria, viruses, synthetic scaffolds, and other objects and materials that bind or adhere to
specific targets may be used as binders. A binder may be, or may include, or may be linked to, a
marker such as a dye, or fluorophore, or other detectable moiety.

[0084] As used herein, a “marker” 1s a detectable material whose presence makes a target
visible or otherwise detectable, or whose presence 1n a position or location 18 indicative of the
presence of a target 1n that position or location. A marker may be used to label a cell, structure,
particle, or other target, and may be useful to detect, determine the presence of, locate, identify,
quantify, or otherwise measure a target 1n, or property of, a sample. Markers may include,
without limitation, stains, dyes, ligands, antibodies, particles, and other materials that may bind
or localize to specific targets or locations; bacteria, viruses or cells that may grow 1n or localize
to specific targets or locations may also be used as markers. Detectable attributes or properties of
cells or other targets may be used as markers.

[0085] As used herein, the terms ““stain” and “dye” may be interchangeable, and refer to
clements, compounds, and macromolecules which render objects or components of a sample
more detectable than 1n the absence of treatment with the stain or dye. For example, treatment of

a blood sample with a DNA dye such as propidium 10dide renders the nucle1 of nucleated cells
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more visible, and makes detection and quantification of such cells easier than otherwise, even 1n
the presence of non-nucleated cells (e.g., red blood cells).

[0086] As used herein, a “detector” may be any device, instrument, or system which
provides information derived from a signal, 1mage, or other information related to a target, such
as a sample. Detectable signals and information may include, for example, optical, electrical,
mechanical, chemical, physical, or other signals. A detector may be, for example, an optical
detector, or an electrical detector, or a chemical detector, or an electrochemical detector, or an
acoustic detector, or a temperature detector, or a mechanical detector, or other detector.

[0087] As used herein, an “optical detector” detects electromagnetic radiation (e.g.,
light). An optical detector may detect an image or be used with an 1mage, or may detect light
intensity irrespective of an image, or both. An optical detector may detect, or measure, light
intensity. Some optical detectors may be sensitive to, or restricted to, detecting or measuring a
particular wavelength or range of wavelengths. For example, optical detectors may include, for
example, photodiode detectors, photomultipliers, charge-coupled devices, laser diodes,
spectrophotometers, cameras, microscopes, or other devices which measure light mtensity (of a
single wavelength, of multiple wavelengths, or of a range, or ranges, of wavelengths of light),
form an 1mage, or both.

[0088] The term “ploidy” as used herein refers to the amount of DNA 1n a cell, and to
assays and measurements of the DNA content of cells 1in a sample. Ploidy measurements provide
a measure of whether or not a cell, or a population of cells, has a normal or an abnormal amount
of DNA, or, since DNA 1s duplicated during cell division and proliferation, 1f abnormal numbers
of cells 1n a population are proliferating. Ploidy measurements may be made by imaging
techniques following staining of nucleated cells 1n a sample with a DNA-specific dye.
Quantitative Microscopy

[0089] In some embodiments, methods, systems, and devices are provided herein for
quantitative microscopy. Quantitative microscopy may involve one or more of quantitative
fluorescence microscopy, quantitative dark field microscopy, quantitative bright field
microscopy, and quantitative phase contrast microscopy methods to measure one or more
cellular attributes. Any of these methods may provide morphometric information regarding
cells. Such information may be measured quantitatively. In some embodiments, for quantitative
microscopy, a sample 1s analyzed by two or more of quantitative fluorescence microscopy,
quantitative dark field microscopy, quantitative bright field microscopy, and quantitative phase
contrast microscopy. Quantitative microscopy may include use of image analysis techniques

and/or statistical learning and classification methods to process images obtained by microscopy.
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[0090] Multiple different cellular attributes may be measured during quantitative
microscopy. Cellular attributes that may be measured include, without limitation:

[0091] Physical attributes: ¢.g. cell size, volume, conductivity, low and high angle
scatter, and density. Other physical attributes that may be measured and/or quantified include,
without limitation, circularity of a cell or particle; aspect ratio of a cell or particle; perimeter of a
cell or particle; convexity of a cell or particle; granularity of a cell or particle; intensity of an
image of a cell or particle; height (e.g., size through several focal planes) of a cell or particle;
flatness of a cell or particle; and other physical attributes.

[0092] Morphological attributes: ¢.g. cell shape, area, size, and lobularity; nucleus shape
arca, size, and lobularity; mitochondria shape, area, size, and lobularity; and ratio of nuclear
volume to cell volume.

[0093] Intracellular attributes: e.g. nucleus centroid / cell centroid distance (i.e. distance
between the center of the nucleus and the center of the cell), nucleus lobe centroid distance (1.e.
distance between the center of different lobes of the nucleus), distribution of proteins within the
cells (e.g. actin, tubulin, etc.), distribution of organelles within the cells (e.g. lysosomes,
mitochondria, etc.), colocalization of proteins with other proteins and organelles, and other
atrtibutes.

[0094] Biochemical attributes: ¢.g. expression level of cellular proteins, cell surface
proteins, cytoplasmic proteins, nuclear proteins, cellular nucleic acids, cell surtace nucleic acids,
cytoplasmic nucleic acids, nuclear nucleic acids, cellular carbohydrates, cell surface
carbohydrates, cytoplasmic carbohydrates, and nuclear carbohydrates.

[0095] In some embodiments, methods, systems, and devices are provided herein for the
quantitative measurement of two, three, four, five or more attributes of cells 1n a sample, wherein
the attributes are selected from physical attributes, morphological attributes, intracellular
attributes, and biochemical attributes. In some embodiments, methods, systems, and devices are
provided herein for the quantitative measurement of two, three, four, five or more attributes of
cells 1n a sample, wherein the attributes are selected from: cell size, cell volume, cell
conductivity, cell low angle light scatter, cell high angle light scatter, cell density, cell shape, cell
arca, cell lobularity, nucleus shape, nucleus area, nucleus size, nucleus lobularity, mitochondria
shape, mitochondria area, mitochondria size, mitochondria lobularity, ratio of nuclear volume to
cell volume, nucleus centroid / cell centroid distance, nucleus lobe centroid distance, distribution
of proteins with the cells (e.g. actin, tubulin, etc.), distribution of organelles within the cells (e.g.
lysosomes, mitochondria, etc.), expression level of a cellular protein, expression level of a cell
surface protein, expression level of a cytoplasmic protein, expression level of a nuclear protein,

expression level of a cellular nucleic acid, expression level of a cell surface nucleic acid,
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expression level of a cytoplasmic nucleic acid, expression level of a nuclear nucleic acid,
expression level of a cellular carbohydrate, expression level of a cell surface carbohydrate,
expression level of a cytoplasmic carbohydrate, and expression level of a nuclear carbohydrate.

[0096] In some embodiments, methods are provided for the quantitative measurement of
two, three, four, five, or more attributes of cells 1n a biological sample by microscopy, wherein
the method may include one or more of the following steps or elements. The attributes of the
cells quantitatively measured may be selected from the attributes listed 1n the immediately above
paragraph. The biological sample may be pre-treated prior to microscopy. Pre-treatment may
include any procedure to aid 1n the analysis of the sample by microscopy, including: treatment of
the sample to enrich for cells of interest for microscopy, treatment of the sample to reduce
components 1n the sample which may interfere with microscopy, addition of material to the
sample to facilitate analysis of the sample by microscopy (e.g. diluents, blocking molecules to
reduce non-specific binding of dyes to cells, etc.). Optionally, prior to microscopy, a sample may
be contacted with one or more binders that specifically bind to a cellular component. Binders
may be directly linked to a dye or other particle for the visualization of the binder. A sample
may also be contacted with a secondary binder, which binds to the binder which binds to the
cellular component. A secondary binder may be directly linked to a dye or other particle for the
visualization of the binder. Prior to microscopy, a sample may be assayed 1n a
spectrophotometer. For microscopy, a biological sample containing or suspected of containing
an object for microscopic analysis may be mntroduced mto a sample holder, such as a slide or a
cuvette. The sample holder containing a sample may be introduced into a device configured to
perform quantitative microscopy on the sample. The microscope may be coupled with an 1mage
sensor to capture images generated through the microscope objective. In the device, multiple
images of the sample may be acquired by microscopy. Any one or more of quantitative
fluorescence microscopy, quantitative dark field microscopy, quantitative bright field
microscopy, and quantitative phase contrast microscopy may be used to obtain 1mages of the
sample. Optionally, images of the entire sample 1n the sample holder may be acquired by
microscopy. Multiple fields of view of the microscope may be required to capture images of the
entire sample 1in the sample holder. The sample holder may move relative to the microscope or
the microscope may move relative to the sample holder 1n order to generate different field of
views 1n order to examine different portions of the sample in the sample holder. Multiple images
of the same field of view of the sample 1n the sample holder may be acquired. Optionally,
multiple filters may be used with the same type of microscopy and the same field of view of the
sample, 1n order to acquire different images of the same sample which contain different

information relating to the sample. Filters that may be used include, without limitation band-
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pass and long pass filters. Filters may permit the passage of certain wavelengths of light, and
block the passage of others. Optionally, multiple types of microscopy (e.g. fluorescence, dark
field, bright field, etc.) may be used to acquire images of the same field of view of the sample, 1n
order to acquire different images of the same sample which contain different information relating
to the sample. Optionally, video may be used to collect microscopy images. Optionally,
microscopy images may be collected 1n 3-D. For microscopy performed as described herein, the
device or system may be configured to link information relating to a cell in one 1image of the
sample to the same cell 1n a different image of the sample. Based on different images of the
same sample and/or same cells, multiple attributes of cells 1n the sample may be determined. In
some aspects, the combination of multiple attributes / multiple pieces of information about cells
1n a sample may be used to reach a clinical decision and/or to draw a conclusion about the cells
that would not be possible based on information from only a single attribute of the cells.

[0097] In some embodiments, devices and systems are provided for the quantitative
measurement of two, three, four, five, or more attributes of cells 1n a biological sample by
microscopy. In some embodiments, the device or system contains both a microscope or
cytometer and a spectrophotometer. The device or system may further contain a fluid handling
apparatus, which 1s configured to move sample between a spectrophotometer and a microscope
or cytometer. In some embodiments, devices and systems for performing the methods disclosed
herein are configured as described 1n U.S. Patent App. No. 13/244,947 and U.S. Pat. App. Ser.
No. 13/769,779, which are each hereby incorporated by reference 1n their entireties. Although
the foregoing has been described 1n the context of a cell, 1t should also be understood that some
or all of the foregoing may also be applied to crystals, particles, filaments, or other cell-sized
objects that may be found 1n a sample.

Dynamic Dilution

[0098] In some embodiments, methods, systems, and devices are provided herein for
dynamic dilution of cell-containing samples.

[0099] By way of non-limiting example, a method for dynamic dilution of a sample may
include one or more of the following steps or elements such that a desired number or
concentration of cells or objects 1n the sample 1s determined and this information 1s used as a
factor 1n adjusting downstream sample processing. In this non-limiting example, one or more
stains or dyes may be added to a biological sample containing cells. The mixture of stain and
sample may be incubated. The cells 1n the mixture of stain and sample may be washed to
remove excess (unbound) stain. The stained, washed cells may be prepared 1n a desired volume
for further analysis. The stained, washed cells may be analyzed to determine the approximate

number or concentration of cells 1n the sample or a portion thercof. Based on the number or
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concentration of stained cells 1n the sample or portion thereof, a volume of sample may be
obtained for further analysis, such that a desired number or concentration of cells for further
analysis 1s obtained. In some embodiments, samples may be diluted as described in U.S. Patent
Application No. 13/355,458, which 1s hereby incorporated by reference 1n 1ts entirety.

[00100] In one embodiment as described herein, 1t 18 desirable to provide another
detection technique such as but not limited to fluorescence-based method for enumerating cells,
to estimate cell concentration 1n place of using a cell counter. This estimate 18 described because,
for accurate and reproducible staining of patient samples, 1t 1s often desirable that stains (DNA
dyes/antibodies/binders/etc.) are optimally titered for a specific number/concentration of cells.
For example, a known concentration of stain will be applied to a specific number of cells (e.g.
0.2 micrograms of stain per one thousand white blood cells (WBCs)). After an incubation period,
the sample will be washed to remove excess (unbound) dye, prepared at the appropriate cell
density, and 1imaged.

[00101] In this non-limiting example, to make an estimate of cell concentration for a
targeted cell type, a sample 1s non-destructively measured with a different modality from that
used for cytometry, such as but not limited to a spectrophotometer, in order to inform sample
processing for the cytometric assay. The method may comprise selecting another marker unique
to the cell population of interest. In one non-limiting example, for B-cells, one may choose
CD20. The process comprises labeling the sample with anti-CD20 binders conjugated to a
different colored fluorophore than CD3. One then measures the fluorescent signal of this sample
non-destructively and rapidly using a device such as but not limited to a fluorescence
spectrophotometer. Using calibration, 1t 1s possible to predict the concentration of B-cells with
limited accuracy to provide the estimate. In one non-limiting example, the calibration may
correlate signal strength with the number of cells for that type of signal. The creation of these
calibration curves can be used to estimate the number of cells or object. Other techniques for
estimating number of cells based on an overall signal strength such as but not limited to optical,
clectrical, acoustical, or the like are not excluded. Based on the approximate concentration of B-
cells, the system can estimate the appropriate amount and concentration of anti-CD3S binder so
that proportional relationship between CDS5 expression and CDS fluorescence 1s maintained. In
this manner, the stain and staining procedure can be optimized/normalized for a particular cell
number.

[00102] To maximize the use of patient samples (which may be low volume samples, such
as, ¢.g., blood obtained from a finger-stick, having a volume equal to or less than about 120 uL),
it 18 desirable to develop methods whereby the number of WBCs contained within a given

volume of blood can be enumerated (e.g., the concentration WBCs/uLL determined). This allows
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the number of WBCs to be determined, or at least estimated, prior to adding stains. Once
determined, a desired number of cells can be aliquotted for incubation with a known
concentration of stain(s), yielding optimal resolution of cell subpopulations.

[00103] In an application where measurement of ploidy of cells 1s desired, cells 1n a
sample may be stained with a DNA dye, and then the intensity of staining may be quantified
(where “the intensity of staining” means the intensity of an optical signal due to the dye). The
intensity of the dye signal due to such staining depends upon the ratio of DNA/dye (that 1s, of the
amount of DNA stained by the dye to the amount of dye added). If a preset amount of dye 18
added to every sample, regardless of the characteristics of the sample, then samples with very
high cell concentration will each be less bright as compared to samples with low cell
concentration. This situation would confound the quantification of the amount of DNA 1n each
cell. As disclosed herein, obtaining an estimate of the number of nucleated cells m a sample prior
to adding the dye allows one to adjust the amount of dye so that quantification of the DNA, and
of the amount of DNA per cell in the sample, may be pertormed. Thus, for example, a sample, or
an aliquot of a sample, may be treated with a stain or dye directed at a cell-surface marker
indicative of the cell or cells to be quantified, and that surface marker used to non-destructively
estimate the concentration of cells 1n the sample. This estimated concentration may then be used
to calculate the amount of dye that needs to be added to the sample so as to always maintain a
consistent DNA:Dye ratio (mole to mole) for subsequent measurements.

[00104] In a first example of a fluorescence-based method for enumerating cells, a method
may comprise determining the ploidy of cells (e.g., enumerating cells via fluorophore —
conjugated antibody staining). In this non-limiting example, 1t 1s desired to enumerate the WBCs
in a blood sample so that a specific number of WBCs can be stained with a predetermined
concentration of DNA dye (e.g., 4’ -6-diamudino-2-phenyhmdole (DAPI), or 1,5-bis {{2-(d1-
methylaming) ethyllamino} -4, 8-dihydroxyanthracene-9,10-dione (DRAQS®), or propidium
10dide, or other DNA-staining dye). The method of this example comprises counting WBCs
using a fluorophore —conjugated antibody and a spectrophotometer. It should be understood that
this approach may be helpful when staining cells with a DNA dye and determining ploidy, where
the ratio of cell number to DNA dye concentration (cell#: [DNA dye]) 1s desirable for generating
comparable and consistent data. Given that the number of cells per microliter of blood vary
within a healthy population, 1t 18 typically desirable to determine the number of WBCs per
microliter before attempting to stain for ploidy.

[00105] In an embodiment, the procedure comprises using cells that are first stained with a
fluorophore—conjugated antibody (where the antibody 1s preferably directed to a ubiquitously

expressed antigen, such as CD43, or to a subpopulation specific antigen, such as CD3 for T
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cells), or fluorescent dye which labels all cells (e.g., a membrane or cytoplasmic stain such as
cosin, or a lectin or other stain or dye) where the wavelength of the fluorescence from the
fluorophore 1s spectrally distinct (and preferably distant) from the emission wavelength of the
DNA dye. After an incubation period, the sample 1s washed to remove excess (unbound)
antibody, prepared 1n the appropriate volume, and analyzed via a spectrophotometer. The
resulting data allows the numbers of WBCs 1n a blood sample to be determined, so that a specific
volume of blood can be aliquotted (yielding a particular/desired number of WBCs) and stained
with a DNA dye. The resulting data 1s useful to calculate and to adapt the amount of DNA dye to
be used 1n staining a sample, according to the number of WBCs determined using the
fluorophore —conjugated antibody as described.

[00106] A further embodiment comprises determining the number of cells (via DNA
staining) prior to surface staining of the cells. Additional details may also be found 1n the cell
enumeration section herein below. It 1s sometimes desirable to enumerate the WBCs 1n a blood
sample so that a specific number of WBCs can be stained with optimal concentrations of
antibodies. In one embodiment, the method comprises counting WBCs using a DNA dye and a
spectrophotometer, ¢.g., as discussed above.

[00107] Alternatively, 1f the number of cells per microliter was determined prior to
staining, then a known number of cells could be aliquotted and stained for each sample,
regardless of (1) variation within a healthy population and (11) disease state. To determine the
number of cells per microliter of blood, 1t may be possible to use DNA dyes such as DAPI,
DRAQS5®, or propidium iodide. Optionally, unbound dye may be washed away. A
spectrophotometer can be used to determine the number of nucleated (e.g., DRAQS5® positive)
cells per microliter of blood.

[00108] The number and concentration of white blood cells (WBCs) 1n equal-sized
aliquots of blood may vary from subject to subject. However, for adequate analysis of WBCs 1n a
blood sample, sufficient amounts of reagents (such as antibodies targeting particular WBC-
specific antigens) may be added, and the amount that 1s sufficient depends upon the number and
concentration of WBCs 1n a blood sample. A procedure termed “dynamic dilution” may be used
to ensure that the sufficient antibody reagent 1s added to a sample. In one non-limiting example,
the procedure treats blood cells 1n order to obtain a provisional cell count used to gauge the
proper amount of reagent (e.g., an antibody cocktail for staining white blood cells (WBCs)) to be
used with the sample 1in order to provide complete staining of the cells. In the procedure, the cells
are stained with a DNA dye (e.g., DAPI, DRAQS5", or propidium iodide) that is spectrally
distinct/distant from the emission of the fluorophore—conjugated antibodies that will be used 1n

subsequent steps or assays. Optionally, the sample may be washed to remove excess (unbound)
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DNA dye after an incubation period. After an incubation period, the sample may be prepared 1n
the appropriate volume, and imaged or measured using a spectrophotometer. The resulting data
allows the number of WBCs 1n the known volume of sample to be enumerated/determined, so
that a specific volume of blood can be aliquotted (yielding a particular/desired number of WBCs)
and stained with the proper amount of antibodies (1.¢., based on the estimated number of WBCs
determined using the DNA dye, the amount of antibodies may be determined that are required 1n
order to provide the desired saturation of antibody staining). Thus, the estimate provided by the
DNA staining allows calculation and addition of the proper amount of antibody dye required for

the number of WBCs 1n the sample aliquot.

Dynamic Dilution Protocol:

[00109] In one embodiment, a dynamic dilution protocol involves taking an aliquot of a
blood sample containing white blood cells 1n order to estimate the amount of reagent containing
antibodies targeting the WBCs that 1s needed for analysis of the sample.

[00110] In this non-limiting example, a known volume of a blood sample 1s taken. A
known amount of nuclear dye (e.g., a DNA-staining dye such as propidium 10dide, DAPI, or
Draq5") is added to this known volume sample. The mixture is then incubated for a period of 2
to 10 minutes at a temperature between 25 °C to 40 °C.

[00111] Next a red blood cell (RBC) lysis buffer 1s added. In this non-limiting example,
the mixture 18 then incubated for a period of 2 to 10 minutes at a temperature between 25 °C to
40 °C (lower temperatures may also be used). A suitable lysis buffer may be, for example, a
hypotonic saline solution; a hypotonic sucrose solution; an 1sotonic ammonium chloride solution;
an 1sotonic solution including a gentle surtactant such as saponin; or other buffer in which RBCs
will lyse. In embodiments, such lysis butfers will include a fixative such as paratormaldehyde to
a1d 1n stabilizing WBCs. A surfactant such as saponin causes a large number of holes to be
formed 1n the membranes of cells. Red blood cells, due to their unique membrane properties, are
particularly susceptible to this hole formation and lyse completely, their contents leaking out 1nto
the liquid around. Presence of the fixative prevents unintentional lysis of the white blood cells.
Platelets also remain unlysed. The purpose of this step 1s to remove red blood cells from the
mixture as they outnumber white blood cells by about 1000:1. Platelets do not interfere with
1imaging and hence are not a consideration in this process. In embodiments, a lysis buffer may
also contain non-fluorescent beads at a known concentration; these beads may serve as size
and/or concentration markers. The lysis of the RBCs, along with the subsequent steps of this

protocol, substantially removes any RBC interference to imaging or to optical measurements of

the WBCs.
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[00112] Next the treated sample 1s separated, where the separation may be performed by

any suitable method, such as but not limited to spinning the treated sample 1n a centrifuge at

1200xg for 3 minutes.

[00113] Following separation (e.g., centrifugation), the supernatant 1s removed; the
remaining pellet 1s then resuspended. In embodiments, the pellet 1s resuspended 1n some or all of
the supernatant. A known volume of solution containing the resuspended pellet results from this
step.

[00114] If desired, a further separation step, and a further resuspension step, may be
performed. These steps provide a concentrated sample with cells that are approximately 10-fold
concentrated (1gnoring any possible cell losses at each step).

[00115] The amount of DNA-staining dye 1n the resuspended, concentrated sample 1s then
measured. For example, the fluorescence from a fluorescent DNA-staining dye such as DRAQS®
may be measured 1n a spectrophotometer. In embodiments, the sample may be 1lluminated by
light at a wavelength of 632 nm (the excitation wavelength of DRAQ5™), the light emitted by the
cell suspension may be filtered by a 650 nm long pass filter, and then the emitted light may be
measured 1n a spectrophotometer. This emission measurement 1s then correlated with a
previously generated calibration curve to estimate a rough concentration of white blood cells 1n
the cell suspension. Typically, cell concentrations have ranged from about 1000 cells per
microliter to about 100,000 cells per microliter. The estimate of WBC number obtained in this
way may be used to calculate an appropriate dilution factor to ensure that the concentration of
cells 1in the sample, when used 1n subsequent quantitative measurements, 1s constrained to within
a range (e.g., a two-fold or other range) around a pre-defined target concentration. The sample 1s
then diluted per the calculated dilution factor to provide a sample with a WBC concentration
within the desired concentration range.

[00116] The purpose of this “dynamic dilution™ step 1s to ensure that WBCs are not
present at too high or too low a concentration in the sample. If the cell concentration 1s too high,
the accuracy of 1image processing algorithms 1s compromised, and 1f the cell concentration 1s too
low, an insufficient number of cells are sampled. Dilution of a concentrated sample as disclosed
herein provides WBC concentrations within a desired range and ensures that signals from the
sample during analysis will fall within an optimum range for detection and analysis.

[00117] In addition, estimation of the number of WBCs 1n this way allows the calculation
(within a small range) of the amounts of reagents required for further assays and method steps
applied to the sample, since the numbers of WBCs 1n a sample may vary, yet the amount of
reagent required for the various assays may depend upon the number of WBCs 1n the sample to

be assayed. For example, the reagents to be added after estimation of WBC number by the
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dynamic dilution protocol include antibodies that target specific antigens found on different
types of WBCs, or, 1f these antigens are found on multiple types of WBCS, which are present in
differing amounts on different types of WBCs. In the absence of such an estimate of the number
of WBCs 1n a sample, predetermined amounts of dyes and other reagents must be used 1n
subsequent assays of the sample, leading to incorrect amounts of reagents and 1naccurate or
incomplete assay results. Thus, this Dynamic Dilution Protocol serves as an important and useful
initial step in the full assessment of a blood sample from a patient, and allows for more precise

and accurate measurements to be made than would be possible otherwise.

Dynamic Staining

[00118] In some embodiments, methods, systems, and devices are provided herein for

dynamic staining of cell-containing samples.
[00119] Measurement of a Component of Interest in Cells of a Cellular Population

[00120] In one embodiment, a method for dynamically staining a cell sample relates to a
method for the measurement of a component of interest 1n cells of a cellular population 1n a

sample.

[00121] As used herein, a “component of interest” refers to any type of molecule that may
be present 1n a cell. “Components of interest” include proteins, carbohydrates, and nucleic acids.
Typically, a “component of interest” 18 a specific species of molecule, such as a particular
antigen. Non-limiting examples of “‘components of interest” of a cell include: CDS protein, CD3

protein, etc.

[00122] As used herein, a “cellular population” refers to any grouping of cells, based on
one or more common characteristics. A “cellular population™ may have any degree of breadth,
and may include a large number of cells or only a small number of cells. Non-limiting examples

of “cellular populations™ include: red blood cells (RBCs), white blood cells, B-cells, CD34+ B-

cells, etc.

[00123] In some circumstances, 1t may be desirable to quantitatively measure a component
of interest 1n cells of a certain cellular population 1n a sample from a subject. For example, 1t
may be desirable to measure the extent of CD3S (the “component of interest”) expression 1n B-
cells (the “cellular population™) 1n a sample of cells from a subject having chronic lymphocytic
lcukemia. Detection and/or measurement of the level of a component of interest may involve use
of a binder molecule that has affinity for the specific component of interest, such an antibody or
single chain variable fragment (“scFv’). In order to accurately measure the level of a specific

component of interest in cells 1n a method involving the use of a binder molecule, 1t may be
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advantageous to expose the cells to the binder molecule at a specific ratio or range of ratios of
binder molecule to target component of interest. For example, 1t may be desirable to provide an
amount of binder to a collection of cells such that there 1s a linear relationship between the
amount of component of interest 1n the cells and the amount of binder which binds to the
component of interest in the cells. For example, 1t may be undesirable to have too little binder
(such that there 1s not enough binder to bind to all of the components of interest i the cells) or to
have too much binder (such that the binder binds non-specifically to the cells).

[00124] Using traditional methods, 1t may be difficult to provide an appropriate level of
binder to a sample 1n order to accurately measure the amount of component of interest in a
cellular population 1n the sample, due to the fact that the size of the cellular population and/or
component of interest in the sample may vary significantly between ditferent samples. In
contrast, provided herein are methods, devices, and systems for dynamically staining cell
samples to accommodate samples containing a wide range of cellular populations and
components of interest.

[00125] In one embodiment, a method for the measurement of a component of interest in
cells of a cellular population 1n a sample 18 provided. The method 1s not limited to but may
include one or more of the following steps.

[00126] First, a quantitative or semi-quantitative measurement of a marker present in cells
of the cellular population may be obtained. The marker may be any marker which 1s present in
the cellular population of interest, and 1t may be a marker exclusively present in the cellular
population of interest (1.€. not present in any other cell types 1n the sample). Measurement of the
marker may be by any method, provided the method does not destroy the sample, and may use
any system or device. A binder which recognizes the marker may be mixed with the sample.
The binder may have a molecule attached to facilitate detection of the binder (e.g. a fluorescent
marker). In an example, the marker may be detected and/or measured by fluorescence
spectrophotometry. In embodiments in which the binder has a fluorescent label and the marker
1s measured by fluorescence spectrophotometry, fluorescence spectrophotometry may be used to
measure a bulk fluorescence from the sample or a portion thereof , rather than to measure
fluorescence from individual cells.

[00127] Second, based on the quantitative or semi-quantitative measurement of the marker
present 1n cells of the cellular population, an approximate amount or concentration of cells of the
cellular population present in the sample may be determined. The approximate number or
concentration of cells m the cellular population present 1n the sample may be determined, for
example, through the use of a calibration curve. Calibration curves may be prepared and/or may

be available for different markers / binder combinations. Calibration curves may be developed,
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for example, by measuring the signal from known numbers of cells having a certain marker and
bound with a certain binder. In some embodiments, the approximate amount or concentration of
cells of the cellular population present in the sample may be determined with the aid of a
computer. In some aspects, the approximate number or concentration of cells 1n the cellular
population present in the sample may be determined, with such a determination being no more
than about 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200, 250, 300, 400, or 500% offt the true
concentration.

[00128] Third, based on the determined amount or concentration of cells in the cellular
population present in the sample, an amount of a reagent to add to the sample may be selected,
wherein the reagent binds specifically to the component of interest in cells of the cellular
population. The reagent may be or include any molecule that binds specifically to the
component of interest. For example, the reagent may be a binder, such as an antibody. The
reagent may be configured such that it may be readily detected (e.g. by fluorescence or
luminescence) and/or such that under at least some circumstances, 1t produces a detectable
signal. In some embodiments, the reagent may be attached to a molecule to facilitate detection of
the reagent. The amount of reagent added to the sample may be any amount. In some
embodiments, an amount of reagent may be added to the sample such that there 1s an
approximately linear relationship between the level of the component of interest in individual
cells of the cellular population and the signal produced by the reagents bound to the components
of iterest 1n mndividual cells of the cellular population.

[00129] Fourth, after the amount of a reagent to add to the sample 1s selected, the selected
amount of reagent may be added to the sample.

[00130] Fifth, cells 1n the sample may be assayed for reagent bound to the component of
interest.

[00131] Sixth, based on the amount of reagent bound to the component of interest, the
amount of the component of interest 1n cells of the cellular population of the sample may be
determined.

[00132] In some embodiments, the fifth and sixth steps may be performed together such
that the measurement of the amount of reagent bound to the component of interest 1s sufficient to
1dentify the amount of the component of interest 1n cells of the cellular population of the sample.

[00133] In other embodiments, provided herein are systems and devices for the dynamic
staining of samples. The systems and devices may contain, without limitation, a
spectrophotometer and a fluorescence microscope. In an embodiment, a system or method for
dynamic staining of samples may be configured as described 1n U.S. Patent App. No. 13/244,947

or 13/355,458, which are hereby incorporated by reference 1n their entirety. In an embodiment,
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the systems and devices may be automated to determine an amount of a reagent to add to a
sample to determine the amount of a component of interest 1n cells of a cellular population 1n a
sample, based on a measurement of an amount of a marker present in cells of the cellular
population. In another embodiment, the systems and devices may be automated to determine an
amount of a reagent to add to a sample to determine the amount of a first component 1n cells of a
cellular population 1n a sample, based on a measurement of an amount of a second component 1n
the cells of the cellular population 1n a sample.

Context-Based Autofocus

[00134] In some embodiments, methods, systems, and devices are provided herein for
context-based microscopy autofocus.

[00135] The si1ze (e.g., length, height, or other measure) of many clinically relevant
objects 1n biological samples spans a wide range. For example, bacteria are commonly about 1
um 1n length, erythrocytes are commonly about 6-8 um 1n length, leukocytes are commonly
about um 10-12 1n length, epithelial cells may be about 100 um 1n length, and cast and crystals

may be about 200-300 um 1n length. In addition, there are many amorphous elements such as

urinary mucus which exist as strands or filaments which may range from about 10-400 pm 1n
length.

[00136] A challenge 1n microscopy 1s to acquire precise 1images of fields of view that
contain an unknown and arbitrary composition of objects of various sizes, such as those
described above. Since the depth of focus of many microscopy objectives 1s limited (typically
about 1-10 um), for a given field of view containing elements of various sizes, multiple focal
planes for the given field of view may need to be acquired 1n order to obtain accurate sharp
images of the various elements within the field of view. A problem with many traditional
autofocus methods 1s that they are designed to focus on the dominant feature 1n a field of view,
so that the sharpness of that feature can be maximized. Such methods may be ineffective for
capturing clements of various sizes 1n a sample.

[00137] In one embodiment, a method 1s provided for context-based microscopy
autofocus, which includes mixing a reference particle of a known size with a sample for
microscopy. In embodiments, more than one reference particle 1s added to the sample; preferably
all, or substantially all, of such reference particles are of the same known size. In embodiments,
the number of reference particles added to a particular volume of sample 1s known. The reference
particles may be detected during microscopy, and used to achieve focusing. By use of the
reference particles to achieve focusing, focal planes may be selected independent from the
overall image composition. In one aspect, the method may be useful to achieve focusing on a

sample having an unknown composition of elements. In another aspect, the method may support
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the generation of precise planes of focus, independent of the precision of the microscope or
microscopy-related hardware. For example, when a plane of focus 1s selected based on feedback
from the sharpness of the reference particles within a field of view, precise focusing on various
clements within a sample may be achieved, regardless of the level of accuracy or precision of the
focusing hardware [e.g. the microscope objective actuation, the shape of a sample holder (¢.g. a
cuvette or slide), or the non-uniformity of a sample holder].

[00138] In an embodiment, a reference particle may contain or be labeled with a molecule
to facilitate detection of the particle during microscopy. In one example, a reference particle may
be labeled with or contain a fluorescent molecule. The fluorescent molecule may absorb light at a
first wavelength of light, and, 1 response to the absorbance of the first wavelength of light, it
may emit light at a second wavelength. In an embodiment, a sample mixed with a reference
particle may be exposed to a wavelength of light capable of exciting a fluorescent molecule 1n a
reference particle of interest and emitted light from the fluorescent molecule may be measured.
Specific fluorescence from a reference particle may be used to detect reference particles, and
information from detected reference particles 1n a sample may be used for autofocusing.

[00139] Reterence particles may be of any shape, such as spherical or cuboid. Reference
particles include, without limitation, beads and microspheres. Reference particles may be of any
s1ze, such as with a diameter or length of about 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 2, 3, 4,
5,6,7,8,9,10,11, 12, 13, 14, 15, 20, 30, 40, 50, 60, 70, 80, 90, 100, 125, 150, 175, 200, 250,
300, 350, 400, 450, or 500 um. Reference particles may be made of, or may contain, any
suitable material, such as polystyrene, polyethylene, latex, acrylic, or glass. For example, a
reference particle may be a polystyrene bead, ¢.g., a polystyrene bead having a diameter of
between about 0.1 um and about 50 um; or between about 1 um and about 20 um; or between
about 5 um and about 15 um; or having a diameter of about 10 um.

[00140] In one embodiment, a method for focusing a microscope 1s provided, which may
include one or more of the following steps. First, a sample containing an object for microscopic
analysis (e.g. bacteria, erythrocytes, etc.) may be mixed with a reference particle. The reference
particle may contain or be labeled with a molecule to facilitate the detection of the particle, such
as a fluorophore. Second, the mixture containing the reference particle and the sample may be
positioned 1nto a light path of a microscope, for example in cuvette or slide. Optionally, the
reference particle may sink to the bottom of the sample 1n the cuvette or slide, such that the
reference particle rests on the lowest surface of the cuvette or slide which 1s 1n contact with the
sample. The microscope may be of any type, including a fluorescent microscope. Third, the
mixture may be exposed to a light beam configured to visualize the reference particle. The light

beam may be of any type, and may be of any orientation relative to the reference particle. For
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example, the light beam may be at a wavelength capable of exciting a fluorophore within or
attached to the reference particle. Exposure of the reference particle to the light beam may result
in, for example, the generation and emission of light at a particular wavelength from the
reference particle and/or scattering of light from the reference particle. Fourth, light emitted or
scattered from the reference particle may be detected by the microscope, and this information
may be used 1n order to determine the position of the reference particle within the mixture and/or
to focus the microscope. Optionally, the microscope may be focused into a plane of focus suited
for objects of similar size to the reference particle. An image from the microscope may be
obtained by an 1image sensor. The image may be saved and/or or used for image analysis.

[00141] In some embodiments, a plurality of reference particles may be added to a sample.
The reference particles may be all of the same size, or they may be of different sizes. In some
embodiments, reference particles of different sizes contain different fluorophores. Different
fluorophores may have different absorption wavelengths, different emission wavelengths, or
both.

[00142] In an embodiment, a method for focusing a microscope 1s provided, including
mixing more than one reference particle of known size with a sample for microscopy, wherein at
least two of the reference particles are of different sizes and contain different fluorophores. The
method may include one or more of the following steps. First, a sample containing an object for
microscopic analysis may be mixed with two or more reference particles, wherein at least two of
the reference particles are of different sizes and contain different fluorophores (1.e. the “first
reference particle” and the “second reference particle”). Second, the mixture containing the
reference particles and the sample may be positioned into the light path of a microscope. The
microscope may be of any type, including a fluorescent microscope. Third, the mixture may be
exposed to a light beam configured to visualize the first reference particle. The light beam may
be of any type, and may be of any orientation relative to the first reference particle. For example,
the light beam may be at a wavelength capable of exciting a fluorophore within or attached to the
first reference particle. Exposure of the first reference particle to the light beam may result 1n the
generation and emission or scattering of light at a particular wavelength from the first reference
particle. Fourth, light emitted or scattered from the first reference particle may be detected, and
this information may be used 1n order to determine the position of the first reference particle
within the mixture and/or to focus the microscope into a first plane of focus suited for objects of
similar size to the first reference particle. Optionally, an 1image of the first focal plane may be
obtained by an image sensor. The image may be saved and/or or used for image analysis. Fifth,
the mixture may be exposed to a light beam configured to visualize the second reference particle.

The light beam may be of any type, and may be of any orientation relative to the second
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reference particle. Exposure of the second reference particle to the light beam may result 1n the
ogeneration and emission or scattering of light at a particular wavelength from the second
reference particle. Sixth, light emitted or scattered from the second reference particle may be
detected, and this information may be used 1n order to determine the position of the second
reference particle within the mixture and/or to focus the microscope into a second plane of focus
suited for objects of similar size to the second reference particle. Optionally, an image of the
second focal plane may be obtained by an 1mage sensor. The 1mage may be saved and/or or used
for image analysis.

[00143] In other embodiments, provided herein are systems and devices for context-based
microscopy autofocus. The systems and devices may contain, without limitation, a fluorescence
microscope. In an embodiment, the systems and devices may be automated to add a reference
particle having a known size to a sample for microscopic analysis to form a mixture, to position
the mixture into the light path of a microscope, to expose the mixture to a light beam configured
to visualize the reference particle, to determine the position of the reference particle within the
mixture and/or to focus the microscope based on the position of the reference particle within the
mixture. In an embodiment, a system or method for context-based microscopy autofocus may be
configured as described 1n U.S. Patent App. No. 13/244,947 or 13/355,458, which are hereby
incorporated by reference in their entireties.

Locating a Sample Holder

[00144] In some embodiments, methods, systems, and devices are provided herein for
determining the location of a sample holder, or of a portion of, or indicial mark on, a sample
holder. Such a determination 1s preferably a precise determination, and 1s useful for identifying
cells, particles, or other objects 1n a field of view within a sample holder even after a sample
holder has been moved, or a field of view has been altered (e.g., by changing focus, or by
inspection of different areas in a sample holder).

[00145] In embodiments, an 1mage based feedback mechanism may be used to accurately
and precisely determine a certain location 1n a cuvette, €.g., in a channel or other region
containing a sample (see, ¢.g., an analysis area 608 shown 1n Figures 7 and 8). Such
determination, particularly when the sample holder 1s moved, and then returned to a previous
position, 1s important for comparison of images and optical measurements taken before such
movement, and after such movement. Variability from multiple sources may affect the position
of the sample relative to the axis of the imaging system; for example, variability 1n cuvette parts,
variability 1n cuvette assembly, variability 1n cuvette positioning on the imaging system, and
other possible sources of variability may affect the position of a sample with respect to the

1imaging system even 1f the sample remains 1n the same position within the sample holder.
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Methods for 1identifying and characterizing the position of a sample holder with respect to an
1imaging system are disclosed herein. For example, in order to accurately and reproducibly
image an arca of interest 1n a cuvette, a cuvette registration program may be run. In
embodiments, such a program begins by analyzing images taken at a predefined location in a
sample holder, the predefined location being close to a registration feature or fiducial marker
within the field of view, or otherwise detectable by the program. A cuvette registration program
Comprises an image processing program, which image processing program searches for the
existence of the fiducial marker 1n the 1mage and returns either a yes/no answer (regarding
whether or not the fiducial marker 1s found within the mspected region) or a probability of the
marker being 1n the 1mage. In instances where the fiducial marker 1s not found in the area that
has been mspected, a search algorithm 1s then used, which moves the area of inspection to a
different location on or 1n the sample holder, and repeats the imaging. This process 1s repeated
until the program finds the fiducial marker (1.e. gets a “yes™ to the question of whether or not the
fiducial marker 1s found within the mspected region, or maximizes the probability of the marker
being within that region). Once the position of the fiducial marker 1s 1dentified, all other
positions 1n or on the sample holder may be determined, since the dimensions and layout of the
sample holder are known. Thus, following 1dentification of the location of the fiducial marker,
any point of interest for imaging can be found and 1imaged, as the location of the point of interest
1s thus known also (1.¢., 1ts distance and orientation from the fiducial marker 1s known, and, since
the position of the fiducial marker 1s known, the point of interest 1s also known). In
embodiments, a fiducial marker can be or include a specially engineered feature on the cuvette
itself (e.g., may be a hole, a protrusion, a printed or molded pattern, or other feature) which can
be manufactured to be in the same location for every part to any desired tolerance. In
embodiments, a fiducial marker may be or include a feature of the cuvette (e.g., the edge of a
channel) that 1s always at a fixed distance from the point of interest (e.g., where the fiducial
marker 1s the edge of channel, the fiducial marker 1s always a fixed distance from the central axis
of the channel).

Cell Counting / Enumerating Cells

[00146] In some embodiments, methods, systems, and devices are provided herein for
enumerating cells 1n a sample.

[00147] Certain traditional methods for staining cell-containing samples involve staining a
specific volume of a sample (e.g. blood) with a particular concentration or amount of stain. This
may be referred to as “volumetric staining.” Volumetric staining has a number of shortcomings,
including: (1) 1t fails to address normal variations 1n cell subpopulations between different

subjects (e.g. different healthy subjects may have widely different numbers of subpopulations of
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cells, such as CD3+ T cells (where “CD3+” indicates that the T cells express the CD3 marker))
and (11) 1t fails to address that pathological samples may have dramatically different cellular
composition when compared to healthy samples (e.g. the percent and number of CD3+ T cells 1n
blood are greatly elevated 1n patients with T cell leukemia over the percent and number 1n
healthy subjects).

[00148] For accurate and reproducible staining of cell-containing samples, 1t may be
desirable to add a specific amount of a cellular stain (e.g. DNA dyes, antibodies, binders, etc.) to
a specific number or concentration of cells. For example, 1t may be desirable to add 0.2
micrograms of a particular stain for white blood cells per 1000 white blood cells 1n a sample.
After an incubation period of the dye with the cells, a sample may be washed to remove excess
(unbound) dye, prepared to an appropriate cell density for microscopy, and imaged. In this
manner, a stain and staining procedure can be optimized or normalized for a particular cell
number.

[00149] In one embodiment, a method 1s provided for enumerating the number of cells of
interest 1n a sample. The method may include one or more of the following steps or elements. A
first stain that will bind to the cells of interest in a sample may be added to the sample. The
mixture of first stain and sample may be incubated. The cells 1n the mixture of first stain and
sample may be washed to remove excess (unbound) stain. The washed cells stained with a first
stain may be prepared 1n a desired volume for further analysis. The washed cells stained with a
first stain may be analyzed by a spectrophotometer. Data from the spectrophotometer may be
used to enumerate the approximate number of cells 1n the sample. For example, the first stain
may be a fluorescent dye which binds to nucleic acids, and the spectrophotometer may include a
light source which emits light at an excitation wavelength of the fluorescent dye, and a light
sensor which can detect light 1n the emission wavelength of the fluorescent dye. In this example,
based on the fluorescent signal from the dye, the approximate amount of nucleic acid in the
sample may be calculated, and from this approximate amount of nucleic acid in the sample, the
approximate number of cells 1n the sample may be determined. Based on the number of cells 1n
the sample, a second stain that will bind to cells of interest in a sample may be added to the
sample. In embodiments, the amount of second stain added to the sample may be determined 1n
view of the approximate number of cells determined using the first stain. In embodiments, the
amount of second stain added to the sample may be calculated using the number of cells
determined by use of the first stain, 1n order that a desired ratio of second stain per cell be
obtained. The mixture of second stain and sample may be incubated. The cells in the mixture of

second stain and sample may be washed to remove excess stain. The washed cells stained with a
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second stain may be prepared 1n a desired volume for further analysis. The washed cells stained
with a second stain may be analyzed by microscopy.

Enumerating Cells in a Sample Prior to Determining the Ploidy of Cells

[00150] In one embodiment, a method for enumerating cells 1n a sample prior to
determining the ploidy of the cells 1s provided, wherein the method includes one or more of the
following steps or elements. A first stain which binds to the cells of interest in the sample and
that 1s spectrally distinct from the emission of a DNA dye may be added to the sample. The cells
of interest may be, for example, white blood cells. The first stain may be, for example, a
fluorphore-conjugated antibody. A fluorphore-conjugated antibody may bind to, for example, a
widely expressed antigen (e.g. CD45), or 1t may bind to an antigen expressed by a specific sub-
population of cells (e.g. CD3 for T cells). The mixture of first stain and sample may be
incubated. The cells 1n the mixture of first stain and sample may be washed to remove excess
(unbound) stain. The washed cells stained with a first stain may be prepared in a desired volume
for further analysis. The washed cells stained with a first stain may be analyzed by a
spectrophotometer. Data from the spectrophotometer may be used to enumerate the approximate
number of cells 1in the sample. Based on the number of cells 1n the sample, a second stain that
will bind to cells of interest 1n a sample may be added to the sample. The second stain may be a
DNA dye, such as propidium 1odide or 4',6-diamidino-2-phenylindole (“DAPI”). In
embodiments, the amount of second stain added to the sample may be determined 1n view of the
approximate number of cells determined using the first stain. In embodiments, the amount of
second stain added to the sample may be calculated using the number of cells determined by use
of the first stain, 1n order that a desired ratio of second stain per cell be obtained. The mixture of
second stain and sample may be incubated. The cells 1n the mixture of second stain and sample
may be washed to remove excess stain. The washed cells stained with a second stain may be
prepared 1n a desired volume for further analysis. The washed cells stained with a second stain
may be analyzed for ploidy by microscopy.

[00151] In methods for determining the ploidy of cells, 1t may be important to combine a
ogiven number of cells for ploidy analysis with a certain amount or concentration of DNA stain,
in order to generate accurate and consistent data regarding the ploidy of the cells. In one
example, the number of white blood cells per volume of blood may vary within a healthy
population, and thus, 1t may be desirable to determine the number of white blood cells 1n a
volume of blood before attempting to stain the white blood cells for ploidy analysis.

[00152] The methods provided above for determining the ploidy of cells may also be
performed for any method 1n which enumerating cells 1n a sample prior to determining an

attribute related to the nucleic acid content of a cell 1s desired. For example, the above method
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may be used with methods involving enumerating cells 1n a sample prior to determining the
morphology of nucle1 of cells, the size of the nucler of cells, the ratio of nuclei area to total cell
arca, ctc.

Enumerating Cells in a Sample Prior to Cell Surface Staining

[00153] In one embodiment, a method for enumerating cells 1n a sample prior to cell
surface staining 18 provided, wherein the method includes one or more of the following steps or
clements. A first stain which binds to the cells of interest in the sample and that 1s spectrally
distinct from the emission of a dye to be used to stain the surface of the cells of interest may be
added to the sample. The cells of interest may be, for example, white blood cells. The first stain
may be, for example, a DNA dye (e.g. propidium iodide, DRAQ5” or DAPI). The mixture of
first stain and sample may be incubated. The cells in the mixture of first stain and sample may
be washed to remove excess (unbound) stain. The washed cells stained with a first stain may be
prepared 1n a desired volume for further analysis. The washed cells stained with a first stain may
be analyzed by a spectrophotometer. Data from the spectrophotometer may be used to
enumerate the approximate number of cells 1in the sample. Based on the number of cells 1n the
sample, a second stain that will bind to cells of interest in a sample may be added to the sample.
In embodiments, the amount of second stain added to the sample may be determined 1n view of
the approximate number of cells determined using the first stain. In embodiments, the amount of
second stain added to the sample may be calculated using the number of cells determined by use
of the first stain, in order that a desired ratio of second stain per cell be obtained. The second
stain may be, for example, a fluorphore-conjugated antibody. A fluorphore-conjugated antibody
may bind to, for example, a widely expressed antigen (e.g. CD45), or 1t may bind to an antigen
expressed by a specific sub-population of cells (e.g. CD3 for T cells). The mixture of second
stain and sample may be incubated. The cells 1n the mixture of second stain and sample may be
washed to remove excess stain. The washed cells stained with a second stain may be prepared 1n
a desired volume for further analysis. The washed cells stained with a second stain may be
analyzed for a cell surface antigen by microscopy.

[00154] In methods for cell surface antigen staining of cells, 1t may be important to
combine a given number of cells for analysis with a certain amount or concentration of cell
surface antigen stain, 1n order to generate accurate and consistent data regarding the content of
the cell surfaces. In one example, the number of white blood cells per volume of blood may vary
within a healthy population (blood from healthy subjects typically has between about 3000 and
10,000 WBCs per uL), and thus, 1t may be desirable to determine the number of white blood
cells 1n a volume of blood before attempting to stain the white blood cells for cell surface

antigens. In another example, the number of white blood cells per volume of blood may vary
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