wo 2016/099538 A 1[I I 0F V0 0O 0O O

(43) International Publication Date

Organization
International Bureau

—~
é

=

\

23 June 2016 (23.06.2016)

WIPOIPCT

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)
(19) World Intellectual Property

(10) International Publication Number

WO 2016/099538 Al

(51

eay)

(22)

(25)
(26)
1

(72

74

International Patent Classification:
GOIN 15/14 (2006.01)

International Application Number:
PCT/US2014/071391

International Filing Date:
19 December 2014 (19.12.2014)

English
Publication Language: English
Applicants: CAPTL LLC [US/US]; 292 Park Lane, West

Filing Language:

(81) Designated States (uniess otherwise indicated, for every

kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
Bz, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Lafayette, IN 47906 (IJS) HAMAMATSU PHOTONICS (84) Designated States (unless otherwise indl'cated, fO}" every
K.K. [JP/JP]; 1126-1, Ichino-cho, Higashi-ku, Hamamat- kind of regional protection available): ARIPO (BW, GH,
su-shi, Shizuoka-ken, 435-8558 (JP). GM. KE, LR, LS, MW, MZ, NA, RW., SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
Inventors: YAMAMOTO, Masanobu; 292 Park Lane, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
West Lafayette, IN 47906 (US). ROBINSON, J., Paul; DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
292 Park Lane, West Lafayette, IN 47906 (US). MAS- LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
UDA, Yuji; 1126-1, Ichino-cho, Higashi-ku, Hamamat- SM, TR), OAPI (BF, BI, CF, CG, CIL, CM, GA, GN, GQ,
su-shi, Shizuoka-ken, 435-8558 (JP). KAYOU, Tsukasa; GW, KM, ML, MR, NE, SN, TD, TG).
1126-1, Ichino-cho, Higashi-ku, Hamamatsu-shi, Published:

Shizuoka-ken, 435-8558 (JP).

Agents: WHITE, Christopher, J. ct al,; Lee & Hayes,
PLLC, 601 W. Riverside Ave, Suite 1400, Spokane, WA
99201 (US).

with international search report (Art. 21(3))

(54) Title: FLOW CYTOMETRY USING HYDRODYNAMICALLY PLANAR FLOW

' Irradiation
™~ Qptical
- Syst

2—->

304
332
s

T SH

FIG. 3

(57) Abstract: An image tlow cytometer for observing mi-
croparticulate samples includes a flow system directing a
carrier fluid including the samples through a sensing area in
a hydrodynamically planar flow. The flow system includes
an elongated flow chamber having opposed first and second
apertures and the sensing area downstream of the apertures,
and receiving the carrier fluid upstream of the first and
second apertures. A sheath- fluid channel includes two
branches configured to carry the sheath tluid from opposite
directions into the tflow chamber through the first aperture,
and likewise third and fourth branches through the second
aperture. An irradiation spot smaller than the flow thickness
is scanned across the sensing area across the tlow direction.
A detection optical system detects a time -varying light in-
tensity of resultant light from the flow chamber. A processor
detects two or more of the microparticulate samples accord-
ing to the detected intensity.
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FLOW CYTOMETRY USING HYDRODYNAMICALLY PLANAR FLOW

TECHNICAL FIELD
[0001] The present application relates to flow cytometry, and particularly to control of fluid

flows in image flow cytometers.

BACKGROUND
[0002] In the fields related to life sciences such as genetics, immunology, molecular
biology, and environmental science, flow cytometry is widely used to analyze microparticulate
samples such as living cells, yeast, and bacteria. Particles or cells from 500 nm up to 50 micron
can generally be measured in flow cytometry. In general, in the case of analyzing a cell or the
like with a flow cytometer, a label made of a fluorescent substance is attached to the surface of a
cell to be analyzed. Next, a liquid such as water or saline is used to move the labeled cell
through a flow channel of a flow chamber, which is an area in which the labeled cell is to be
analyzed, and laser light having a relatively high output is radiated towards a predetermined
position to irradiate the cell. Then, forward-scattered light and side-scattered light, which are
generated due to the size and structure of each cell, and fluorescence, which is generated by
excitation due to the light irradiation, are observed. In the case of observing fluorescence from a
cell, a configuration for spectral analysis of the fluorescence condensed in a direction other than
an irradiation path of excitation light is widely used to avoid adverse effects of transmitted or
scattered excitation light. Fluorescent substances to be attached or combined for each type of
cells are known. Accordingly, the wavelength and intensity of the fluorescence are observed
and the intensity component to be superimposed is compensated to thereby identify the type of

each cell flowing through the flow channel.

[0003] An exemplary flow cytometry system (“flow cytometer”) includes a laser light
irradiation optical system, a flow chamber, a detection optical system, and a control unit. The
laser light irradiation optical system radiates laser light onto microparticulate samples within the
flow chamber. The laser light irradiation optical system includes one or more lasers that output
laser light having a wavelength corresponding to a label to be excited, and a condensing optical
system that condenses the laser light on the flow chamber. For example, an irradiation spot of
laser light in a conventional flow cytometer can have a substantially elliptical shape of 10 um
(minor axis) X 70 um (major axis), or other shapes or sizes. The irradiation spot is, e.g., an area
of a microparticulate sample onto which enough laser light falls that characteristics of the
microparticulate sample can be determined. Also in the case of using a cuvette as a flow

chamber, a flat beam having substantially the same width as that of a stream is used to observe
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particulate objects, e.g., microparticulate samples. The detection optical system can detect an
intensity of light such as transmitted light, scattered light, and fluorescence from the

microparticulate samples.

[0004] When the flowing microparticulate samples pass through laser irradiation spots,
scattered light and fluorescence, which is caused due to excitation of a labeled substance, are
generated. The scattered light includes forward-scattered light having a small scattering angle
which represents a size of a fine particle, and side-scattered light having a large scattering angle
which represents an internal structure of a fine particle. Each of the forward-scattered light, the
side-scattered light, and the fluorescence is detected by a photodetector of the detection optical
system. The fluorescence has a small intensity and is radiated uniformly over the whole solid
angle. For this reason, the fluorescence is condensed by a condenser lens having a large
numerical aperture, and is then detected by an ultrasensitive photodetector which is called a
photomultiplier tube (PMT). Then, the control unit performs amplification, analog-digital

conversion, and operation on the light signal detected by the photodetector.

[0005] However, present flow cytometers are limited in throughput by the need to measure
one cell at a time. As flow cytometry becomes more widely used in both clinical and research
settings, there is increasing demand for faster measurements. Accordingly, there is a continuing

need for a higher-throughput flow cytometer.

[0006] Reference is made to the following: Patent Literature 1: “Control of flow cytometer
having vacuum fluidics” - US 5395588 A; Patent Literature 2: “Method of aligning,
compensating, and calibrating a flow cytometer for analysis of samples, and microbead
standards kit therefor” - US 5093234 A; Patent Literature 3: “Method for analysis of cellular
components of a fluid” - US 5047321 A; Patent Literature 4: “Apparatus for counting and/or
measuring particles suspended in a fluid medium” - US 4056324 A; Patent Literature 5:
“Apparatus for measuring cytological properties” - US 4225229 A; Patent Literature 6: “Orifice
inside optical element” - US 4348107 A; and Patent Literature 7: “Particle Separator” -

US3,380,584; each of which is incorporated herein by reference.

[0007] Reference is also made to US4395676, filed Nov 24, 1980, issued Jul 26, 1983,
entitled “Focused aperture module”; to US4487320, filed Nov 3, 1980, issued Dec 11, 1984,
entitled “Method of and apparatus for detecting change in the breakoff point in a droplet
generation system”; to US4498766, filed Mar 25, 1982, issued Feb 12, 1985, entitled “Light
beam focal spot elongation in flow cytometry devices”; and to US3657537, filed Apr 3, 1970,

issued Apr 18, 1972, entitled “Computerized slit-scan cyto-fluorometer for automated cell
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recognition”; to US8159670 to Vacca et al.; to U.S. Publication No. 2005046848A1; to U.S.
Publication No. 2005057749; to U.S. Publication No. 20120270306; and to U.S. Publication
No. 2012220022, each of which is incorporated herein by reference. Reference is also made to
US20120270306, US6249341, US7634125, US7925069, US8548219, US8660332, US6002788,
US7706590, and US6674058, each of which is incorporated herein by reference.

BRIEF DESCRIPTION
[0008] An image flow cytometer for observing microparticulate samples according to a first
exemplary aspect includes a flow system configured to direct a carrier fluid including the
microparticulate samples through a sensing area in a substantially hydrodynamically planar flow
having a selected thickness, a selected flow direction and a selected flow rate, the flow system
including: a flow chamber extending in the flow direction, the flow chamber including first and
second apertures on opposed surfaces of the flow chamber and a sensing area downstream of the
first and second apertures along the flow direction, the flow chamber configured to receive the
carrier fluid upstream of the first and second apertures; and a sheath-fluid channel configured to
receive a sheath fluid and including: first and second branches configured to carry the sheath
fluid into the flow chamber through the first aperture and oriented in substantially opposite
directions at the first aperture; and third and fourth branches configured to carry the sheath fluid
into the flow chamber through the second aperture and oriented in substantially opposite
directions at the second aperture; an irradiation optical system adapted to scan an irradiation spot
smaller than the selected thickness across the sensing area in a scan direction different from the
flow direction; a detection optical system that detects a time-varying light intensity of resultant
light from the flow chamber; and a processor configured to detect two or more of the
microparticulate samples according to the detected time-varying light intensity of the resultant

light.

[0009] A flow system for transporting microparticulate samples in a substantially
hydrodynamically planar flow substantially in a selected flow direction according to a second
exemplary aspect includes a flow chamber extending in the flow direction, the flow chamber
including first and second apertures on opposed surfaces of the flow chamber, the flow chamber
configured to receive a carrier fluid including the microparticulate samples upstream of the first
and second apertures; and a sheath-fluid channel configured to receive a sheath fluid and
including: first and second branches configured to carry the sheath fluid into the flow chamber
through the first aperture and oriented in substantially opposite directions at the first aperture;
and third and fourth branches configured to carry the sheath fluid into the flow chamber through

the second aperture and oriented in substantially opposite directions at the second aperture.
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[0010] According to exemplary aspects described herein, an image flow cytometer using
hydrodynamically planar flow advantageously provides higher throughput. Various aspects
measure multiple microparticulate samples per scan of the irradiation spot, with reduced
probability of coincidences or other abort conditions. Moreover, various aspects are
advantageously capable of observing internal structures of each microparticulate sample. For
example, using a spot size of incident light smaller than the microparticulate sample

advantageously permits measuring features, e.g., within a cell.

[0011] This brief description is intended only to provide a brief overview of subject matter
disclosed herein according to one or more illustrative embodiments, and does not serve as a
guide to interpreting the claims or to define or limit scope, which is defined only by the
appended claims. This brief description is provided to introduce an illustrative selection of
concepts in a simplified form that are further described below in the Detailed Description. This
brief description is not intended to identify key features or essential features of the claimed
subject matter, nor is it intended to be used as an aid in determining the scope of the claimed
subject matter. The claimed subject matter is not limited to implementations that solve any or all

disadvantages noted in the Background.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012] The above and other objects, features, and advantages will become more apparent
when taken in conjunction with the following description and drawings wherein identical
reference numerals have been used, where possible, to designate identical features that are

common to the figures, and wherein:

[0013] FIG. 1 is a schematic of a configuration of an image flow cytometer according to an

exemplary aspect;

[0014] FIG. 2 is a perspective view schematically showing an exemplary configuration of a
flow cell;
[0015] FIG. 3 is a perspective of portions of a flow system for transporting microparticulate

samples in a substantially hydrodynamically planar flow, and related components, according to

various aspects;

[0016] FIG. 4 is a front view showing scanning of an exemplary microparticulate sample

flowing through the flow chamber and the sensing area;
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[0017] FIG. 5A is a graph showing an exemplary scanning position of an irradiation spot

over time;

[0018] FIG. 5B is a graph showing an intensity of a detection signal that is detected by a
control unit 5 in the example of FIG. 5A;

[0019] FIG. 6 is a block diagram schematically showing an exemplary configuration of an

irradiation optical system 2;

[0020] FIG. 7 is a front view showing scanning of several exemplary microparticulate

samples flowing through the flow chamber and the sensing area;

[0021] FIG. 8A is a front view of components of a flow system according to various

aspects;
[0022] FIG. 8B is an exploded plan along the line VIIIB-VIIIB in FIG. 8A;
[0023] FIG. 8C is an exploded plan along the line VIIIC-VIIIC in FIG. 8A;

[0024] FIG. 9A is a perspective, and FIG. 9B a front view, of components of a flow system

according to various aspects;
[0025] FIG. 9C is a plan along the line XIX-XIX in FIG. 9B;

[0026] FIG. 10A is a front view, FIG. 10B a side view, and FIG. 10C an end view, of

components of a flow system according to various aspects;

[0027] FIGS. 11-14 are front views of components of flow systems according to various
aspects;
[0028] FIGS. 15-20 are cross-sections showing graphical representations of simulated

flows in flow chambers according to respective exemplary aspects;

[0029] FIG. 21 is a perspective showing a graphical representation of simulated flow in a

flow chamber according to an exemplary aspect;

[0030] FIG. 22 is a flowchart showing exemplary methods of observing microparticulate

samples;

[0031] FIG. 23 is an exemplary two-dimensional image corresponding to the example

shown in FIG. 7; and
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[0032] FIG. 24 is a high-level diagram showing components of a data-processing system.

[0033] The attached drawings are for purposes of illustration and are not necessarily to

scale.

DETAILED DESCRIPTION
[0034] Reference is made to U.S. Application Ser. No. 13/894,521 by Yamamoto et al.,
filed May 15, 2013 and entitled “Scanning image flow cytometer,” the disclosure of which is
incorporated herein by reference in its entirety. Throughout this description, the illustrated or
described orientations of components are not limiting unless otherwise specified. For example,

detectors can be placed at angles other than 0° or 90°.

[0035] Throughout this description, some aspects are described in terms that can be
implemented as software programs, in hardware, in firmware, in micro-code, or any combination
thereof. Because data-manipulation algorithms and systems are well known, the present
description is directed in particular to algorithms and systems forming part of, or cooperating
more directly with, systems and methods described herein. Other aspects of such algorithms and
systems, and hardware or software for producing and otherwise processing signals or data
involved therewith, not specifically shown or described herein, are selected from such systems,
algorithms, components, and elements known in the art. Given the systems and methods as
described herein, software not specifically shown, suggested, or described herein that is useful

for implementation of any aspect is conventional and within the ordinary skill in such arts.

[0036] First, an image flow cytometer 100 according to an exemplary aspect will be
described. The image flow cytometer 100 can be a scanning-type image flow cytometer. Prior
flow cytometers can identify particles or cells based on measurement of detected signals.
However, correlating those signals to spatial locations on the particles or cells is generally not
possible in prior schemes. An “image cytometer” (¢.g., an “image flow cytometer”) is a
cytometer that can provide data relating to a spatial relationship between detected signals and
cellular or particle locations. Some prior image cytometers use an imaging camera to create the
spatial data. These systems can be limited in sensitivity or resolution by the characteristics of
such cameras. Various exemplary image cytometers herein do not require the use of imaging

cameras and can provide improved performance compared to prior schemes.

[0037] Various exemplary flow-cytometric systems are configured to individually perform
measurement of cells or the like with laser light. A large number of microparticulate samples

are supplied to a flow chamber through a tube from a container such as a vial containing the
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samples. The flow chamber is generally configured to permit microparticulate samples to be

aligned and flow by a method called hydrodynamic focusing.

[0038] When using hydrodynamic focusing, a sample flow including microparticulate
samples is discharged from an clongated nozzle. The discharged sample flow is surrounded by a
sheath flow of, e.g., water or saline, which is an isosmotic fluid, and flows through the flow
channel of the flow chamber. The discharge pressure of the sample flow is set to be higher than
that of the sheath flow, thereby permitting the microparticulate samples, which are randomly
distributed, to be aligned and flow in the sample flow. This phenomenon is called a three-
dimensional (3-D) laminar flow in terms of fluid dynamics. This makes it possible to radiate
laser light independently towards cach microparticulate sample, such as a cell, and to detect and

analyze the scattered light and excited fluorescence.

[0039] FIG. 1 is a configuration diagram showing a schematic configuration of the image
flow cytometer 100 according to the first exemplary aspect. The image flow cytometer 100
includes a flow cell 1, an irradiation optical system 2, a detection optical system 3, a detection
optical system 4, and a control unit 5. The term “optical” does not limit any aspect to the
human-visible wavelength range (“visible light,” roughly 400—700 nm). Instead, as noted
below, any wavelength of electromagnetic radiation 399 can be used with suitable components
for flow cell 1, irradiation optical system 2, detection optical system 3, and detection optical
system 4. For example, infrared or ultraviolet light can be used instead of or in addition to

visible light.

[0040] The irradiation optical system 2 radiates laser light L or other electromagnetic
radiation 399 into the flow cell 1, ¢.g., to irradiate a microparticulate sample 302 (FIG. 3) in
flow chamber 310 in flow cell 1. As described in detail later, the irradiation optical system 2
can radiate the laser light L into the flow cell 1 by causing the laser light L to converge to a
diffraction limit. The irradiation optical system 2 can scan the flow cell 1 with the laser light L.
When microparticulate samples 302 flowing through the flow cell 1 are irradiated with the laser
light L, transmitted light/forward-scattered light L_T-FS and fluorescence/side-scattered light

L _F-SS can be output from the flow cell 1. Note that the fluorescence and scattered light can be
output in all directions from the flow cell 1. However, to simplify the explanation in this
exemplary aspect, the fluorescence and side-scattered light which are output in a direction

substantially perpendicular to the optical axis of the laser light L are described herein.

[0041] Light is detected and processed by detection optical system 3 and detection optical

system 4, cach of which is configured to detect a time-varying light intensity of respective
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resultant light from the flow cell 1, and specifically from flow chamber 310 therein. The
detection optical systems 3, 4 produce signals SIG_T, SIG_f, respectively, which are provided to
a control unit 5. SIG_T or SIG_f can include data for one or more wavelength(s) or
component(s) of the light incident on the photodetector 34. The detection optical system 3 is
referred to herein, without limitation on angle of placement or orientation, as a parallel detection

optical system.

[0042] The laser light L, or other electromagnetic radiation 399 radiated into the flow

cell 1, is referred to herein as “incident light.” Light or other electromagnetic radiation
transmitted through the flow cell 1, or light emitted from microparticulate samples, dyes, or
other substances within the flow cell 1, is referred to herein as “resultant light.” Resultant light
can include electromagnetic radiation provided by, e.g., scattering, refraction, absorption, or
rotation of the plane of polarization of the incident light, or any combination thereof.

2 ¢

Throughout this disclosure, the terms “‘scatter,” “scattering,” and the like include refraction,
absorption, and polarization rotation, as appropriate, unless otherwise explicitly noted.
Resultant light can include forward-scattered (FS) light and side-scattered (SS) light. FS and SS
have substantially the same wavelength as the light source in irradiation optical system 2.
Resultant light can also include fluorescent light, since such light can be emitted by substances
within the flow cell 1. Resultant light can be substantially directional (e.g., transmitted light of
the laser light L) or substantially omnidirectional (e.g., fluorescence), or can have a selected or
characteristic radiation pattern (e.g., a cardioidal variation of intensity as a function of angle
from the direction of the incident light). It is not required that all of the laser light L be incident
on the microparticulate sample 302 (FIG. 3) at any given time. For example, useful information

can be gathered while scanning the irradiation spot over the membrane of a cell, even if some of

the irradiation spot is not striking the cell.

[0043] In various aspects, light L is provided by a source other than a laser. The light
source can be any source that can be focused to produce an irradiation spot smaller than the
microparticulate sample 302 to be irradiated, ¢.g., a lamp illuminating a parabolic reflector
focused on the flow cell 1, a laser (e.g., from a diode laser such as a VCSEL), or a light-emitting
diode (LED) focused through a lens. In an example, the microparticulate sample has a diameter
of 10-20 um, and the irradiation spot has a full-width at half-maximum (FWHM) diameter of
0.25 um.

[0044] In an example, the transmitted light/forward-scattered light L_T-FS is coherent light

that is affected by scattering, refraction, absorption, rotation of the plane of polarization, or the
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like of light due to the irradiation of the laser light L onto the microparticulate samples 302. The
fluorescence/side-scattered light L_F-SS is incoherent light. The transmitted light, fluorescence,
forward-scattered light, and side-scattered light will be described in detail later. Coherent side-

scatter and back-scatter light can also be detected.

[0045] In an exemplary aspect, the flow cell 1 is configured as a flat plate type flow cell
having a micro flow channel 310 through which microparticulate samples 302 (FIG. 3) to be
analyzed flow. The flow cell 1 is configured such that the microparticulate samples 302 are
aligned and permitted to flow through the micro flow channel 310 by hydrodynamic focusing.

In other words, in the flow cell 1, a sample flow SM is sandwiched by a sheath flow SH

(FIGS. 2, 3) including saline, water, or other isotonic liquid(s), and flows through the micro flow
channel 310. In this case, the discharge pressure of the sample flow SM is set to be higher than
that of the sheath flow. This permits the microparticulate samples 302 randomly distributed to
be aligned and flow in the sample flow SM.

[0046] Still referring to FIG. 1, the configuration of the image flow cytometer 100 will be
further described. The detection optical system 3 is disposed at a position opposed to the
irradiation optical system 2 through the flow cell 1. The detection optical system 3 does not
have to be exactly on the optical axis of the incident light L, but can be, e.g., within £1°, £5°,
+10°, or £15° of the optical axis. The detection optical system 3 detects the transmitted light of
the laser light irradiated onto the flow chamber 310, and also detects the forward-scattered light
generated by the irradiation of the microparticulate samples 302 by the laser light. The term
"forward-scattered light" refers to light that is scattered at a small angle, e.g., £10°, with respect
to the traveling direction of the optical axis of the laser light L. This forward-scattered light can
include scattered light generated when the laser light is scattered on the surface of each
microparticulate sample, or diffracted light or refracted light that are generated when the laser
light is radiated onto each microparticulate sample 302. In an example, when the
microparticulate samples 302 to be irradiated with the laser light are cells, the forward-scattered
light varies depending on, ¢.g., the state of a cell surface, the shape and the presence or absence

of a nucleus, the shape of each cell, or a direction in which laser light passes through each cell.

[0047] In various aspects, the detection optical system 3 is configured to detect transmitted

or forward-scattered light. The detection optical system 3 includes an objective lens, a dichroic

mirror, a beamsplitter (e.g., a half-silvered mirror), a confocal aperture, and a first photodetector
arranged in that order along a transmitted-light path; and includes a block filter and a second

photodetector arranged in that order on a path of light diverted by the beamsplitter. First,
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resultant light from the flow cell 1 falls on the objective lens. The objective lens causes the
incident light to form an image on the receiving surface of the first photodetector. The dichroic
mirror reflects light having wavelengths other than the wavelength of the laser light, out of the
transmitted light/forward-scattered light. This permits extra components such as the
fluorescence to be partly or wholly removed from the transmitted light/forward-scattered light

L _T-FS, and permits light (“L1”) having substantially the same wavelength as that of the laser
light to be output from the dichroic mirror. Light L1 is split into light L11 and light L12 by the
beamsplitter. A metal half-silvered mirror can be used; such beamsplitters have a wide spectrum
but large absorption. A multi-layer dielectric beam splitter can also be used. Such dielectric

beamsplitters can have lower absorption than metal half-silvered mirrors.

[0048] The confocal aperture is a pin-hole, for example, and removes the forward-scattered
light having at least a selected angle with respect to the optical axis of the laser light L from the
light L11. The size of the pinhole can be selected, ¢.g., to provide a diffraction-limited spot at a
selected wavelength, or with optics of a selected numerical aperture. This can be done as is
known in the art of confocal microscopy. This permits the transmitted light included in the light
L11 to be incident on the first photodetector. In an example, only the transmitted light in L11 is
incident on first photodetector. The first photodetector detects the light intensity of the

transmitted light, and outputs the detection result as a detection signal SIG T.

[0049] Light L12 is a portion of light L1. The block filter removes, from the light .12, the
transmitted light that propagates along the optical axis of the light L12. The block filter can
include, ¢.g., a slit structure. The block filter can collect a limited-scatter-angle component, ¢.g.,
in the 1-10° range. This permits the forward-scattered light to be incident on the second
photodetector, but not the transmitted light (any extra components were already removed by the
dichroic mirror). The second photodetector detects the light intensity of the forward-scattered
light included in the light L12, and outputs the detection result as a detection signal SIG _FS (not

shown), which can be provided to control unit 5.

[0050] An exemplary first photodetector includes a polarizing beam splitter, an s-polarized
light detector, and a p-polarized light detector. The light L11 passing through the confocal
aperture is incident on the polarizing beam splitter. An s-polarized light (“L._s”) included in the
light L11 is reflected by the polarizing beam splitter, and a p-polarized light (“L_p”’) included in
the light L11 is transmitted through the polarizing beam splitter. The s-polarized light detector
detects the intensity of the s-polarized light L _s and outputs a detection signal SIG Ts as a
detection result. The p-polarized light detector detects the intensity of the p-polarized light L p

10
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and outputs a detection signal SIG_Tp as a detection result. The detection signals SIG Ts and
SIG_Tp can be provided to the control unit 5, e.g., as components of signal SIG T. Other
exemplary photodetectors or light detectors include charge-coupled device (CCD) optical
sensors, complementary metal-oxide-semiconductor (CMOS) optical sensors, photodiodes such

as PIN or avalanche photodiodes, and photomultiplier tubes (PMTs).

[0051] The detection optical system 4 is disposed at a position deviating from the optical
axis of the laser light L. For example, the detection optical system 4 can be disposed in a
direction substantially perpendicular to the optical axis of the laser light L, or at least 45° away
from the optical axis of laser light L. Accordingly, the fluorescence that propagates in the
direction perpendicular to the optical axis of the laser light L is incident on the detection optical
system 4. The term "side-scattered light" refers to light that is scattered in a direction
substantially perpendicular (about 90°) to the optical axis of the laser light. In general, the side-
scattered light has a light intensity smaller than that of the forward-scattered light. In an
example, the microparticulate samples 302 to be irradiated with the laser light are cells, and the
side-scattered light is produced due to an internal structure of each cell such as intracellular
granules or a nucleus. In various configurations, the detection optical system 4 includes
components described above with reference to detection optical system 3. In other
configurations, the detection optical system 4 also or alternatively includes one or more dichroic
mirror(s) for directing light of selected wavelength(s) to respective PMT(s) or other light
detector(s). This permits measuring fluorescent resultant light at one or more known

wavelength(s). SIG_f can include or accompany respective signal(s) for the PMT(s).

[0052] Control unit 5 is configured as a hardware resource, such as a computer, which is
capable of executing information processing, for example. The control unit 5 performs
arithmetic processing based on the detection signals SIG T and SIG_FS (not shown) from the
detection optical system 3 and the detection signals SIG fl to SIG f3 (PMT outputs; not shown)
from the detection optical system 4. The control unit 5 can detect a variation of the light
intensity of the transmitted light by the detection signal SIG T, and can observe a variation of
the light intensity of the fluorescence by the detection signal SIG f or other detection signals
discussed herein. The control unit 5 can also control the rate and cycle of the deflection
operation for the laser light L in the deflector 23 (FIG. 6). Other examples of hardware and

software that can be included in the control unit 5 are discussed below with reference to FIG. 24.

[0053] In various aspects, control unit 5 processes signals from the detection optical

systems 2 and 3 to determine properties of features within a microparticulate sample 302 or
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other object. For example, individual mitochondria within a cell can be located using
fluorescent tagging of mitochondria, ¢.g., with LIFE TECHNOLOGIES MITOSOX red
mitochondrial superoxide indicator. As the irradiation spot is scanned over a cell that has been
dyed with MITOSOX, red fluorescence will be detected when the irradiation spot is over a
functioning mitochondrion. In this way, positions, counts, and distributions of mitochondria in a
cell can be determined. In another example, dyes such as DHR 123, JC-1, or JC-11 can be used

similarly for detecting mitochondria.

[0054] Internal structures of other objects can also be determined. For example, any
internal structure such as a labeled or non-labeled nucleus can be identified and distinguished
from surrounding organelles. Non-labeled nuclei and other internal structures can be detected by
their increased optical absorbance compared to surrounding areas of the cell or other object.
Other organelles can also be identified using similar techniques. In another example, mRNA or
other nucleotide sequences can be detected, ¢.g., using in-situ hybridization techniques.
Nucleotide sequences can be identified by detecting fluorescent probes or labels on DNA or
RNA strands complementary to the base sequences of interest. RNA transcripts can be

identified by fluorescent probes selected to bind to the RNA transcripts of interest.

[0055] FIG. 2 is a perspective view schematically showing the configuration of an
exemplary flow cell 1. The flow cell 1 includes a flow chamber 310, and is transparent or
substantially transparent to irradiation such as light L and resultant light such as light L T-FS
and L. T-SS. For clarity, only part of flow chamber 310 is shown. Further details of various
configurations of flow chamber 310 and other parts of a flow system 330 (FIG. 3) are discussed
below with reference to FIGS. 3, 8A—14. As shown, the flow cell 1 can be 2 mm thick along the

direction of propagation of light L.

[0056] A sheath flow SH flows into the flow cell 1 from an inlet port IN1. For example,
saline, which is an isotonic liquid, or water, can be used as the sheath flow SH. However, the
sheath flow SH is not limited to saline, but various types of liquid such as water, other aqueous
solutions (whether isotonic or not), and organic solvents can be used. In various examples
discussed below with reference to FIG. 9A, the sheath flow SH also flows into the flow cell 1

from an additional inlet port IN3.

[0057] Further, a sample flow SM including the microparticulate samples 302 flows into
the flow cell 1 from an inlet port IN2. For example, saline, which is an isotonic liquid, can be
used as the sample flow SM. However, the sample flow SM is not limited to saline, but various

types of liquid such as water, other aqueous solutions (whether isotonic or not), and organic
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solvents can be used. The inflow pressure of the sample flow SM can be higher than or lower

than the inflow pressure of the sheath flow SH.

[0058] In an example, a simulation was performed using SOLIDWORKS FLOW
SIMULATION. The simulated velocity distribution in the flow channel 310 is parabolic: the
center of the sample flow is fastest and the flow velocity is zero at the walls of the flow
channel 310. The simulated sheath-to-sample flow ratio for a 10 um sample flow height is 10:1.
The sheath channel shape is triangular in cross-section (as provided by a microblasting process;
see, e.g., FIG. 9B). The sheath volumetric flow rate is 7.5x107* mL/s, the sample volumetric
flow rate is 7.5%10™ mL/s, the sheath pressure is 134,424 Pa, and the sample pressure is
130,348 Pa. The sample linear flow rate in this example is 1 m/s in the center of the channel.
The total volumetric flow rate is 8.0x10° m?/s. Values within, e.g., 10% of those ranges can
also be used. In the simulation, the outlet (arrow marked “FL”) is assumed to be open to
atmospheric pressure (101,325 Pa). In an example, 8 nL/s corresponds to 0.48 uL/min in a
120 umx80 um channel. Linear velocity ranges 0.1 m/s to 1.0 m/s can be used. Sample- and

sheath-flow pressures can be, e.g., <0.13 MPa.

[0059] The inlet ports IN1, IN2, IN3 can be bored, molded, or otherwise formed in the flow
cell 1. In an example, the flow cell 1 includes glass or quartz. In one example that was
constructed, flow channels (e.g., flow chamber 310) were formed by micro-blasting of quartz
sheets. Ports IN1, IN2, IN3 were then drilled out of the quartz sheets. Further details of the
construction of exemplary flow cells 1 are discussed below with reference to FIGS. 8A—8C.
Other etching and boring techniques can be used to form flow channels, inlets, and other
features. For example, sample channels, including flow chamber 310, can be etched, and sheath
channels can be micro-blasted using a mask to define the desired pattern. In other examples,
channels and other cavities described herein can be injection molded, molded using other

techniques, bored, or etched.

[0060] The sheath flow SH and the sample flow SM merge in the flow chamber 310, so that
a flow FL is provided in which the sample flow SM is substantially hydrodynamically planar
with the sheath flow SH above and below the sample flow SM. The flow FL can be discharged
to the outside of the flow cell 1, for example. The flow FL is discussed below with reference to

F1G. 3.

[0061] Exemplary configurations of the flow cell 1 are discussed below with reference to
FIGS. 3, 8A-8C, 9A-9C, 10A-10C, and 11-14. Simulations of various exemplary

configurations are discussed below with reference to FIGS. 15-21.
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[0062] FIG. 3 is a perspective of portions of a flow system 300 for transporting
microparticulate samples 302 in a substantially hydrodynamically planar flow 305 substantially
in a selected flow direction +Y, according to various aspects. The illustrated portions can be
located in flow cell 1 (FIG. 2). For clarity, the front of the flow system 300 is shown facing up

in this figure.

[0063] Flow system 300 includes flow chamber 310 extending in the flow direction Y.
Flow chamber 310 includes first and second apertures 321, 322 on opposed surfaces of the flow
chamber 310, in this view on the top and bottom of the flow chamber 310. However, various
aspects are not limited to the top and bottom. Flow chamber 310 is configured to receive a
sample flow SM including the microparticulate samples 302, ¢.g., a carrier fluid 304, upstream
(in the -Y direction) of the first and second apertures 321, 322. Flow chamber 310 is also
configured to receive a sheath flow SH, e.g., a sheath fluid 2104 (FIG. 21), through the
apertures 321, 322. The carrier fluid 304 is an example of the sample flow SM discussed above
with reference to FIG. 2. At and downstream of the apertures 321, 322, the sheath flow SH
merges with the sample flow SM so that the carrier fluid 304 is pressed above and below by the
sheath flow SH. In an example, the inflow pressure of the sample flow SM is higher than the
inflow pressure of the sheath flow SH (carrier fluid 304). This pressure differential, together
with the geometry of flow chamber 310, causes microparticulate samples 302, which are
randomly distributed in carrier flow 304 upon entry to flow chamber 310, to be aligned and flow

in the hydrodynamically planar flow 305 within the flow chamber 310.

[0064] In hydrodynamically planar flow 305, the carrier fluid 304 and the microparticulate
samples 302 therein are substantially confined within a flow that is substantially thinner in the Z
direction (thickness T) than in either the X direction (width W) or the Y direction (length). For
example, the substantially hydrodynamically planar flow 305 or the sensing arca 340 can have
respective widths W at least five times the selected thickness T. In various aspects, while
carrier fluid 304 is flowing, the thickness, direction, and flow rate can vary due to turbulence,
variations in the distribution of microparticulate samples 302 in carrier fluid 304, or chaotic
effects. An exemplary hydrodynamically planar flow 305 was simulated and has a thickness of
0.01 mm=5 pum and a center flow velocity of 1.5 m/s+0.1-1.0 m/s. The simulated flow has a
velocity close to the sidewalls of about 0.1 m/s. The velocity profile in the channel can be e.g., a
parabolic velocity profile. This is consistent with the no-slip boundary condition of fluid
mechanics, in which the fluid velocity at the walls is zero, e.g., due to friction and surface

interactions.
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[0065] In the flow cytometry, microparticulate samples 302 to be analyzed are often cells of
a living organism. Taking human blood as an example, examples of objects to be observed in
the blood include erythrocytes (diameter of 7 to 8 um, thickness of about 2 pm), leucocytes
(neutrophils: diameter of 12 to 15 pum, eosinophils: diameter of 10 to 15 um, basophils: diameter
of 10 to 15 um, lymphocytes: diameter of 6 to 15 pm, monocytes: diameter of 12 to 18 pm), and
blood platelets (diameter of 1 to 4 um). The flow chamber 310 can be formed with dimensions
that permit the microparticulate samples 302 to be directed in the Y-direction into
hydrodynamically planar flow 305 and move without overlapping each other within the flow
chamber 310. The flow chamber 310 can have a section size (transverse to the flow) of, e.g.,
100 umx100 pwm, or 80 umx120 um, or on the order of 10 um on a side. In another example,
the thickness T can be at most the average diameter of one cell or other microparticulate

sample 302. As discussed below, providing an illumination spot smaller than T permits

measuring one microparticulate sample 302 at a time.

[0066] Sheath-fluid channel 330 is configured to receive a sheath fluid SH. Sheath-fluid
channel 330 includes first and second branches 331, 332 configured to carry the sheath fluid SH
into the flow chamber 310 through the first aperture 321 and oriented in substantially opposite
directions at the first aperture 321. In an example, first and second branches 331, 332 have axes
substantially parallel and within £100 pm of cach other at the first aperture 321, and likewise
second and third branches 333, 334 at second aperture 322 (discussed below). In the example
shown, branches 331, 332 join at the upper, first aperture 321 in the flow chamber 310. As
indicated, sheath fluid SH is flowing left-to-right in branch 331 and right-to-left in branch 332.
As a result, sheath fluid SH from both branches 331, 332 flows through aperture 321 into flow
chamber 310. As used herein, the term “substantially opposite directions” refers to directions of
flow branches or other flow passages such that a hypothetical flow would turn through less than
about 15° upon passage from one branch or flow passage to a substantially opposite branch or
flow passage. In an example, flow from, e.g., first branch 331 into second branch 332 would
turn through less than about 15° while passing from first branch 331, so first branch 331 and

second branch 332 are substantially opposite.

[0067] Sheath-fluid channel 330 also includes third and fourth branches 333, 334
configured to carry the sheath fluid SH into the flow chamber 310 through the lower, second
aperture 322 and oriented in substantially opposite directions at the second aperture 322.
Similarly to branches 331, 332, sheath fluid SH is flowing left-to-right in branch 333 and right-
to-left in branch 334. Sheath fluid SH thus flows from branches 333, 334 through aperture 322
into flow chamber 310. The sheath-fluid flow SH through apertures 321, 322 provides
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hydrodynamically planar flow 305, as discussed below, ¢.g., with reference to FIG. 9C.
Accordingly, the illustrated exemplary flow system 300 includes a plurality of layers. The first
and second branches 331, 332 are arranged in a first one of the layers, and the third and fourth
branches 333, 334 are arranged in a second, different one of the layers. Other configurations
including more layers or fewer layers, or no layers (e.g., having plastic tubing in branches 331,

332, 333, 334) can also or alternatively be used.

[0068] In various aspects such as that shown, the first and second apertures 321, 322 are
substantially directly opposed. In other aspects, the first and second apertures 321, 322 are
offset, e.g., by at most 100 um from each other, or by at most half of the width of the

branches 321, 322, 333, 334 along the flow direction Y. Either aperture 321, 322 can be offset
cither upstream (-Y) or downstream (+Y) of the other aperture 322, 321. Other aspects with

larger offsets are discussed below with reference to FIGS. 13 and 14.

[0069] Irradiation optical system 2 produces electromagnetic radiation 399, e.g., light L
(FIG. 1). Irradiation optical system 2 scans the produced electromagnetic radiation 399 back
and forth, e.g., in the +X and -X directions. This is discussed below with reference to FIGS. 4—
7. The electromagnetic radiation 399 is scanned back and forth in X while the microparticulate
samples 302 move in the +Y direction. This permits raster-scanning one or more

microparticulate sample(s) 302.

[0070] Still referring to FIG. 3, in various aspects, the flow chamber 310 is substantially
transparent to a selected wavelength of the electromagnetic radiation 399 in a sensing area 340
downstream of the first and second apertures 321, 322 along the flow direction Y. In this way,
clectromagnetic radiation 399 (¢.g., light L, FIG. 1) can pass through the hydrodynamically
planar flow 305 so that . T-FS and I._T-SS (both FIG. 2) can be detected outside flow cell 1
(FIG. 2).

[0071] In various aspects, the flow rate of the liquid within the flow chamber 310 shows a
change that the sample flow SM (carrier fluid 304) positioned at the center of the flow

chamber 310 is fastest and the sample flow SM becomes slower toward the wall surface of the
flow chamber 310. Moreover, the sheath flow SH is faster near the sample flow SM and slower
toward the walls of flow chamber 310 on which are located apertures 321, 322. As a result, the
microparticulate samples 302 which move within the flow chamber 310 move in the vicinity of
the center of the section of the flow chamber 310 in the Z direction so that the respective center-
of-gravity positions (in X, Y, Z) of microparticulate samples 302 are positioned substantially

within the sample flow SM. Accordingly, even when the section size of the flow chamber 310 is
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larger than that of each microparticulate sample 302, the plurality of microparticulate samples
302 can be aligned and move in a flow direction (Y-direction in Figs. 2C and 2D) without
overlapping with each other in the section of the flow chamber 310. Moreover, when the
thickness T of the hydrodynamically planar flow 305 is comparable to the size of the
microparticulate samples, friction within the carrier fluid 304 and the sheath flow SH tends to
space the microparticulate samples 302 apart transverse to the direction of transport (e.g., along
the X axis). This advantageously provides measurement of the microparticulate sample 302
with reduced probability of “coincidences,” events in which two microparticulate samples 302
are erroneously detected as one microparticulate sample 302. An exemplary flow velocity

pattern is discussed below with reference to FIG. 21.

[0072] FIG. 4 is a front view showing scanning of an exemplary microparticulate sample
302 flowing through the flow chamber 310 and the sensing area 340. For clarity, only a portion
of the flow chamber 310 is shown. In this exemplary aspect, the microparticulate samples 302
flow at a certain rate within the flow chamber 310. In this exemplary aspect, the flow rate of the
microparticulate samples 302 is 1 m/s. The flow rate of 1 m/s is substantially equal to a typical
flow rate of blood in blood vessels (excluding peripheral capillaries) of a human body.
Accordingly, when human blood cells are used as the microparticulate samples, the cells can be

observed in the same state as in blood vessels.

[0073] In an example, the irradiation optical system 2 (FIG. 3) irradiates the
microparticulate sample 302 (or other object) in the flow chamber 310 with incident light L in
an irradiation spot, ¢.g., smaller than the microparticulate sample 302, or smaller than the
thickness T (FIG. 3). The irradiation optical system 2 scans an irradiation position of the
irradiation spot substantially in a direction X perpendicular to the direction Y of flow of fluid
SM, SH in the flow chamber 310. In doing so, the irradiation optical system 2 scans the
irradiation position through an irradiation volume, e.g., a volume the size of the irradiation spot
swept along a scanning path 63. Scanning path 63 is shown with reference to microparticulate
sample 302. While the irradiation spot is following scanning path 63, microparticulate

sample 302 is moving in the Y direction. The extent of scanning path 63 along the Y axis
results from this flow. In various aspects, the irradiation optical system 2 substantially does not

scan the irradiation position in the Y direction.

[0074] In various aspects, the flow chamber 310 is shaped so that only one of the
microparticulate samples 302 can be irradiated at one time. This advantageously provides

measurement of the microparticulate sample 302 without concern for “coincidences,” events in
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which two microparticulate samples 302 are erroneously detected as one microparticulate
sample 302. Using a hydrodynamically planar flow 305 can advantageously permit measuring
multiple microparticulate samples 302 on each scan of the irradiation spot without concern for
coincidences. For example, the flow chamber can be shaped so that the hydrodynamically
planar flow is not substantially thicker than the cells or other objects being measured. In this
way, the hydrodynamically planar flow distributes the objects so that no two overlap in the
direction of travel of the electromagnetic radiation from irradiation optical system 2, e.g., as

shown in FIG. 3.

[0075] In an example, the frequency for laser scanning is | MHz. The flow rate of the
microparticulate samples 302 is 1 m/s. Therefore, the laser light completes one cycle in the X-
direction (across the microparticulate sample 302 and back) while the microparticulate

samples 302 move by 1 pm in the Y-direction. In FIG. 4, scanning path 63 shows the effect of
scanning the irradiation spot in the X-direction while moving the microparticulate sample 302 in
the Y-direction. The irradiation spot passes (e.g., 1s rasterized) over the microparticulate sample
302 to successively and individually irradiate many points (illustrated grid cells) or structures
within the microparticulate sample 302. Data can be collected when the irradiation spot is
moving in one direction (e.g., +X or -X) or when the irradiation spot is moving in both
directions. The irradiation spot can move continuously (e.g., as does a laser scanned by a
galvanometer scanner), in a step-and-repeat matter, or in any combination of those movement
modes; the term “moving” applies to any of these unless otherwise indicated. Various grid types
can be used for the two-dimensional data, e.g., rectangular, triangular, or hexagonal grids. In
general, resultant-light data can be arranged in a two-dimensional image according to any tiling

of the plane.

[0076] Various aspects advantageously provide particle flows with constant velocity on the
Y-axis. Therefore, with only X-axis scanning, a two-dimensional image can be produced. This
is unlike laser scanning confocal microscopes (e.g., the ZEISS LSM 710), in which a stationary
sample is rasterized with a two-axis scanning device such as an X-Y galvanomirror. Two-axis
scanners require significantly more moving parts and are more mechanically complex than one-
axis scanners. Using a one-axis scanner advantageously provides simpler, more reliable

construction.

[0077] Additionally, using hydrodynamically planar flow 305 permits measuring large
numbers of microparticulate samples 302 in quick succession or simultancously. Laser-

scanning confocal microscopes require samples to be prepared, e.g., on slides, and the focal
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point of the microscope to be moved to focus on the samples. Various aspects described herein
do not require these steps, and produce two-dimensional data without them. In various aspects,
the scanning frequency in the X-direction can be set to be equal to or higher than 1 MHz, which
alleviates prior limitations on the movement rate of the microparticulate samples 302 and
permits increasing the flow rate of the sample flow SM to correspond to or exceed the blood
flow rate of a human (or animal) body. This advantageously permits increasing throughput or
measuring microparticulate samples 302 in similar fluidic conditions to those such

microparticulate samples 302 might encounter in the bloodstream.

[0078] For example, when the microparticulate samples 302 are neutrophils (diameter of 12
to 15 um), which are one kind of leucocytes, the neutrophils can be scanned at about 12 to 15 X-
direction cycles per microparticulate sample 302 (e.g., scanning path 63). In this case, in the
about 12 to 15 cycles during which the neutrophils are scanned, the light intensities of the
transmitted light and of the forward-scattered light detected by the detection optical system 3
(FIG. 1) vary. For example, when the irradiation spot of the laser light is located on or within a
neutrophil, the intensity of the laser light decreases and the intensity of the forward-scattered
light increases due to reflection, scattering, absorption, or the like by the neutrophil. On the
other hand, when the irradiation spot of the laser light deviates from (does not irradiate) any
neutrophil, the laser light is not reflected, scattered, and absorbed by a neutrophil, so that the
intensity of the transmitted light increases and the intensity of the forward-scattered light
decreases compared to when the irradiation spot is located on or within a neutrophil. If data are
collected only while scanning in one direction, 12 to 15 X-cycles correspond to about 12 to 15
rows of data. If data are collected while scanning in both +X and -X directions, 12 to 15
X-cycles correspond to about 24 to 30 rows of data. Neutrophils can be scanned at about 10

to 15 X-direction cycles per microparticulate sample 302, or about 20 to 30 rows of data in

bidirectional-scanning configurations.

[0079] FIG. 5A is a graph showing an exemplary scanning position X of an irradiation spot
over time, first increasing, then decreasing as the irradiation spot sweeps back and forth.

FIG. 5B is a graph on the same time scale showing an intensity of a detection signal SIG T that
is detected by a control unit 5 in the example shown in FIG. 5A. FIGS. 5A and 5B show
simulated results, and the horizontal axis represents time (t). Ranges 561 represent the time the
irradiation spot is in or on microparticulate sample 302. As shown in FIG. 5B, when the spot of
the laser light is scanned in the X-axis direction and the spot of the laser light is located on each
microparticulate sample 302 (in ranges 561), the level of the detection signal SIG T decreases

compared to its level when outside microparticulate sample 302 (outside ranges 561). The level
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of SIG T can alternatively increase when the spot is located on the microparticulate sample 302
compared to its level when outside microparticulate sample 302 (outside ranges 561).
Ranges 562 show times when, e.g., the spot is located outside the microparticulate sample 302,

or when the spot is disabled.

[0080] The exemplary scanning position shown in FIG. 5A illustrates a sawtooth control
profile, in which the laser beam deflection returns quickly to a low value of X between passes
across the cell. In sawtooth examples, ranges 562 represent times when, ¢.g., a laser providing
the spot is deactivated, or measured data are ignored (gated out). Triangular control profiles that
have substantially equal speed in both directions (increasing X and decreasing X) can also or
alternatively be used, as can other control profiles (¢.g., sinusoidal, trapezoidal). In some
triangular-profile examples, regions 562 represent times when the spot is outside
microparticulate sample 302. Some aspects using sawtooth scanning can advantageously
provide reduced hysteresis compared to some aspects using triangle scanning, since
measurements are only taken in one direction of laser movement with sawtooth scanning.
Exemplary scanning control profiles useful with various aspects are cathode-ray tube (CRT)

horizontal-scan profiles, e.g., for television, and electron microscope lateral scan profiles.

[0081] The ramp-up to ramp-down ratio (ratio of the width of regions 561 to the width
between regions 561) can be, e.g., 100:0, 99:1, or other ratios down to 90:10 in various aspects.
As such, the region widths shown here are exaggerated for clarity and are not limiting.
Moreover, the illustrated direction of scan is not limiting. The scan can exhibit increasing X or

decreasing X in regions 561.

[0082] In various aspects, the flow rate of the microparticulate samples 302 within the flow
chamber 310 is set by the control unit 5, e.g., by providing a control signal to a flow-inducing
device such as a pump. In other aspects, the control unit 5 receives an indication of the flow rate
from an external flow controller (not shown). Similarly, the control unit 5 can operate the
irradiation optical system 2 to control the intensity of the incident light, or can receive
information on the intensity of the light from an external light controller (not shown). In any of
these aspects, the control unit 5 can obtain a two-dimensional distribution of the light intensity

of each neutrophil from the information on the light intensity and the flow rate.

[0083] In various aspects, the flow velocity, spot size, and X-axis deflection frequency
parameters are set to (1) provide an excitation intensity level of a fluorescent dye marker in a
desired area of the microparticulate sample 302 above a threshold; and (2) provide a desired

resolution, bit depth, and precision of the scan image. In various aspects, the spot size is
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selected, then flow velocity and scan frequency are controlled. An example is a spot with a full-
width at half-maximum (FWHM) diameter of 2 um, a deflection frequency of 1 MHz, and a
flow rate of 1 m/s. This example provides 1 um scan vertical resolution with >1/2 intensity of a
Gaussian spot profile. A 2 um FWHM advantageously permits measuring data from 10 pm
particles such as blood cells with effective focal depth. In another example, the spot size is

0.5 um, which provides higher resolution. The flow speed can be 1/4 m/s, or the scan frequency
can be 4 MHz, or a combination. Generally, flow speed can be reduced or scan frequency can
be increased by the same ratio as the spot size is decreased, or vice versa (increase spot size and
increase flow speed or decrease scan frequency). Flow speed can be selected to balance desired
resolution and throughput. Faster flow speed provides higher throughput and lower vertical
resolution. Slower flow speed improves vertical image resolution with lower throughput. The
horizontal resolution is determined by the scanning frequency and sampling frequency (e.g.,
number of data samples per scan). These parameters can be selected to advantageously permit
measuring absolute particle size and shape. Prior flow cytometers do not provide the ability to

make such measurements.

[0084] FIG. 6 is a block diagram schematically showing an exemplary configuration of an
irradiation optical system 2. The irradiation optical system 2 includes a laser source 21, a
collimator 22, a deflector 23, and an objective lens 24. The laser source 21 can produce laser
light having wavelengths of 405 nm, 488 nm, and 650 nm, for example. However, the light
wavelengths are not limited to these examples. The laser light output from the laser source 21 is
converted into substantially parallel light beams by the collimator 22. Note that the flow
chamber 310 is shown on the plane of FIG. 6 for convenience of explanation, and laser light L is
shown as scanning in and out of the plane of the figure. However, this is not limiting and other
relative orientations of the irradiation optical system 2 and the flow cell 1 can be used. In an

example, astigmatic focusing is used to focus the laser light L on the flow chamber 310.

[0085] The deflector 23 is or includes a light deflector that deflects the direction of the
optical axis of the laser light L passing through the collimator 22. In this exemplary aspect, the
deflector 23 is configured to scan the laser light L in a direction substantially parallel to the
section of the flow chamber 310 of the flow cell 1 (that is, in the X-direction orthogonal to the
flow direction Y of the flow chamber 310). In this case, the deflector 23 scans the flow
chamber 310 in the X-direction (e.g., along scanning path 63, FIG. 4) with a scanning frequency
of 1 MHz or higher. To achieve such high-speed scanning, a high-frequency deflection device
such as an acoustic optical deflector (AOD), an electro-optic deflector (EOD), or acoustic optic

modulator (AOM) can be used as or in the deflector 23. AODs, EODs, and AOMs make use of
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the interaction of light with materials whose interaction with electromagnetic radiation 399 can
be modified by applied force (AODs or AOMs) or electric field (EODs). The incident light can
also be scanned using a rotating polygon such as those used in laser electrophotographic
printers. The incident light can also be scanned using a microelectromechanical system

(MEMS) micro-mirror with an electronically-controllable angle.

[0086] As shown in FIG. 6, the laser light L passing through the deflector 23 is caused to
converge, ¢.g., at the diffraction limit, on the flow chamber 310 of the flow cell 1 by the
objective lens 24. In an example, the laser light is caused to converge to a laser spot with a half-
value breadth (FWHM) of about 2.0 um. Hereinafter, the size of the laser irradiation spot is
defined as an arca from the center of the spot to the position where the light intensity is a half of
that at the center of the spot. The microparticulate samples 302 are aligned in the micro flow
channel 310 due to the properties of the micro flow channel 310 described above, and
specifically hydrodynamically planar flow 305 (FIG. 3). Therefore, the focal point of the laser
light is configured such that the path to be scanned by the irradiation spot passes through the
center of the micro flow channel, which facilitates irradiation of the laser light that is caused to
converge, ¢.g., at the diffraction limit, on the microparticulate samples 302 (FIG. 3) flowing
through the flow chamber 310. Note that in this example, the deflection angle of the laser light
L by the deflector 23 is small. Accordingly, even when the laser light L is incident through a
sheet 810 (e.g., a transparent sheet; discussed below with reference to FIGS. 8A-8C) of the flow
cell 1, effects such as a displacement of the focal point position due to refraction can be

negligibly small.

[0087] In various aspects, irradiation optical system 2 is adapted to scan an irradiation spot,
1.e., move the irradiation location, across the sensing area 340 in a scan direction (e.g., X)
different from a direction of the transport (¢.g., Y) of the microparticulate samples 302. The
irradiation spot can be, e.g., smaller than the selected thickness T (FIG. 3) or smaller than half
the selected thickness T. The scan direction and the transport direction can be substantially

perpendicular, or can be set at an angle not an integer multiple of 90°.

[0088] Another exemplary configuration of irradiation optical system 2 includes a quarter-
wave (“A4”) plate (not shown). A is the wavelength of the light L from the laser source 21. The
M4 plate is placed in the light path of the laser light L. For example, the A/4 plate can be
interposed between the deflector 23 and the objective lens 24. The A/4 plate converts linearly
polarized light into circularly polarized light. Other optical structures for providing circularly-

polarized light can also or alternatively be used. Certain components within live cells generally
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show polarization characteristics, as do some protein formations. For example, some objects
vary in optical response as a function of polarization angle of linearly-polarized light incident on
those objects. The range of that variation can increase as the strength of dipole moments in the
objects increases. In an example, migrating cells have distinct characteristics at their leading
and trailing edges, ¢.g., a higher activity of actin polymerization at the leading edge than at the
trailing edge. As a result, the optical response of a cell can be different at the leading edge than
at the trailing edge. Therefore, polarization microscopes can be useful for biological
observation. In order to detect polarization characteristics of a material in a microparticulate
sample, the incident light beam is preferably symmetric for all directions. Circularly-polarized
beams advantageously exhibit this property. However, many deflectors 23, such as many AODs
and EODs, operate with linear polarization of the incident beam, typically perpendicular
polarization. Inserting a A/4 plate to convert from linear to circular polarization permits using an
AOD or EOD and preserving the advantageous biological properties of circularly-polarized
light. As discussed above with reference to FIG. 1, detecting p and s polarization components

permits determining polarization characteristics of microparticulate samples 302.

[0089] Various aspects use irradiation spots smaller than a cell, or much smaller than a cell.
This advantageously permits determining the internal structure of a cell, e.g., as discussed below
with reference to FIG. 7. Various aspects measure microparticulate samples 302 at a high
resolution, €.g., more than five points across a microparticulate sample, or more than ten points,
or more than 100 points. This permits producing “image maps” of the microparticulate

samples 302. These image maps include resultant-light data at various points throughout the
microparticulate sample, e.g., as discussed below with reference to FIG. 23. The image map can
include details of the organelle-related fluorescence or the locations of selected components of
an object. A human-visible image can be determined, e.g., by processor 2486 (FIG. 24) as a
representation of all or part of the image map. A 2-D image map advantageously provides much
more detail than a conventional flow cytometer. Various aspects are useful for hematological
applications such as counting and discriminating blood cells of various types. Compared to
conventional COULTER COUNTERS, various aspects of image flow cytometers herein can

determine many more details about cach cell measured.

[0090] FIG. 7 is a front view showing scanning of several exemplary microparticulate
samples 302A, 302B, 302C, 302D, 302E (e.g., biological cells) flowing through the flow
chamber 310 and the sensing area 340. As shown, the microparticulate samples 302A, 302B,
302C, 302D, 302E can be displaced laterally from cach other along the X or Y axes in the
hydrodynamically planar flow 305.
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[0091] As shown, scanning path 763 passes over or through microparticulate

samples 302A, 302B, 302C, 302D, 302E. On a single traverse of the irradiation spot across the
range of spot travel on the X axis, the irradiation spot can encounter no microparticulate
samples, one microparticulate sample (e.g., 302C), or more than one microparticulate sample
(e.g., 302B, 302C). The scanning path 763 shown is exemplary and is not limiting. For

example, the pitch of scanning path 763 in the Y direction can be tighter or looser than shown.

[0092] FIG. 8A is a front view of components of a flow system 300 (FIG. 3) according to
various aspects. FIG. 8B is an exploded plan along the line VIIIB-VIIIB in FIG. 8A and FIG.
8C is an exploded plan along the line VIIIC-VIIIC in FIG. 8A.

[0093] Flow system 800 includes flow cell 801. Flow cell 801 includes first, second, and
third substantially planar sheets 810, 820, 830 affixed together in that order. The individual
sheets 810, 820, 830 are shown in FIGS. 8B, 8C. In various aspects, sheets 810, 820, 830 are
made from resin, glass, quartz, or another material through which the laser light L (FIG. 1) or
other electromagnetic radiation 399 (FIG. 3) can be transmitted. Each of the first and third
sheets 810, 830 can be, e.g., approximately 1 mm thick. Second sheet 820 can be, e.g.,
approximately 50 um thick or approximately 100 um (0.1 mm) thick. The sheets 810, 820, 830
can be affixed together by, ¢.g., thermal bonding.

[0094] Referring to FIG. 8B, the first sheet 810 includes one or more cavities (graphically
represented as rectangular recesses) defining the first and second branches 331, 332. Second
sheet 820 includes one or more cavities defining the flow chamber 310. Third sheet 830
includes one or more cavities defining the third and fourth branches 333, 334. In the example
shown, these cavities are recesses, grooves, or voids in sheets 810, 8§20, 830. Each of the
sheets 810, 820, 830 can be formed of a material substantially impermeable to both the carrier
fluid 304 and the sheath fluid SH. Alternatively, each of the sheets 810, 820, 830 can include,
around the respective one or more cavities, a material substantially impermeable to both the

carrier fluid 304 and the sheath fluid SH.

[0095] First sheet 810 also includes a first cavity 831 (FIG. 8C) fluidically connected to the
first and second branches 331, 332 to receive the sheath fluid (sheath flow SH, FIG. 2). Third
sheet 830 includes a third cavity 833 (FIG. 8C) fluidically connected to the third and fourth
branches 333, 334 to receive the sheath fluid (sheath flow SH, FIG. 2).

[0096] In various aspects, cavities 831, 833 are fluidically disconnected, and each is

supplied with sheath fluid SH individually. In these examples, e.g., separate inlets IN1 and IN3
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(both FIG. 2) are both used. In other aspects, second sheet 820 includes a fourth cavity 834 at
least partially overlaying, and fluidically connected to, each of the first cavity 831 and the third
cavity 833. This permits adding sheath fluid SH to either cavity 831 or cavity 833 and filling all
four branches 331, 332, 333, 334. In various of these aspects, a first one of the cavities 831, 833
reaches the surface of the corresponding sheet 810, 830, and the other of the cavities 831, 833
does not reaches the surface of the corresponding sheet 810, 830. In this way, sheath fluid SH
added to the first one of the cavities 831, 833 does not flow out the other of the cavities 831,
833. In these examples, ¢.g., only one of the inlets IN1, IN3 (FIG. 2) is used. For example,
inlet INT can be used when sheath fluid SH is provided to cavity 831, and inlet IN3 can be used
when sheath fluid SH is provided to cavity 833. This configuration is similar to the
configuration using cavity 812 discussed below. FIG. 8C shows an alternative embodiment in
which cavities 831, 833 both reach the surface of their respective sheets 810, 830. In this
configuration, sheath fluid SH can be supplied directly to each cavity 831, 833. This can permit
the use of a higher flow rate of sheath fluid SH.

[0097] Second sheet 820 and at least one of the first and third sheets 810, 830 include
respective second cavities 812 fluidically connected to the flow chamber 310 to receive the
carrier fluid 304 (sample flow SM). In the example shown in FIG. 8B, sheet 810 has a

cavity 812 and sheet 830 does not have a corresponding cavity. Carrier fluid 304 is supplied
through cavity 812, e.g., via inlet IN2 (FIG. 2). Cavity 812 in sheet 810 is fluidically connected
to the flow chamber 310, e.g., directly or via a second cavity (not shown) in sheet 820. In
various aspects, the second cavity in second sheet 820 is part of flow chamber 310 or is an inline

extension of flow chamber 310.

[0098] Referring back to FIG. 8A, branches 331, 332, 333, 334 meet flow chamber 310 at
apertures 321, 322, ¢.g., as discussed herein with reference to FIGS. 3, 9C. The carrier fluid 304
flows in the resulting hydrodynamically planar flow 305 along the flow chamber 310 through
the sensing area 340 to outlet 814. At outlet 814, the fluid (e.g., flows SM, SH) in flow

chamber 310 can be collected or processed, ¢.g., as in conventional flow cytometers.

[0099] In the example shown, branches 331, 332, 333, 334 begin at cavities 831, 833, 834,
and branches 331, 333 diverge from branches 332, 334. Branches 331, 333 extend along flow
cell 801 on one side of flow chamber 310, and branches 332, 334 extend along flow cell 801 on
the other side of flow chamber 310. Branches 331 and 332 bend towards each other to meet at
aperture 321, and likewise branches 333 and 334 at aperture 322. Branches 331, 332 thus

enclose a space in sheet 810, and branches 333, 334 enclose a space in sheet 830. Cavity 812 is
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disposed within the intersection of those enclosed spaces, and flow chamber 310 extends out of

both enclosed spaces in sheet §20.

[00100]  The configuration shown here can advantageously provide reduced cost of
manufacturing, since the same or symmetrical tooling can be used for sheets 810, 830. In an
example, the branches 331, 332, 333, 334 are manufactured using a mask process for accurate,
repeatable results. In the example, shown first branch 331 at least partly overlays third

branch 333 in a first region 861 spaced apart from the first and second apertures 321, 322.
Second branch 332 at least partly overlays fourth branch 334 in a second region 862 spaced
apart away from the first and second apertures 321, 322. FIG. 8B shows that branches 331, 333
arc arranged directly across sheet 820 from each other, as are branches 332, 334. However,
other configurations (e.g., FIGS. 13, 14) can also be used, e.g., for increased mechanical

strength.

[00101]  In an example, the flow chamber 310 is manufactured as follows. Three channeled
substrates are prepared and then bonded using an optical adhesive or other optical contact. The
sheath flow channel including branches 333, 334 is tooled into sheet 830, the lower plate. The
sample channel 310 and the through-hole, cavity 834, are formed in sheet 820, e.g., by tooling,
drilling, etching, or abrasion as noted above. Sheet 820 is then bonded to sheet 830. The flow
chamber 310 including the sample channel is expanded to the correct depth by polishing. The
upper plate, sheet 810, is tooled, drilled, or otherwise prepared including the sheath channel
(branches 331, 332) and the inlet holes (cavities 831, 812). Sheet 810 is then bonded to

sheet 820. Thermal bonding can be used. Measurements can be taken after bonding to

determine the accuracy with which the channels and other cavities were aligned.

[00102]  FIG. 9A is a perspective, and FIG. 9B a front view, of components of a flow system
according to various aspects, and specifically of a flow cell 901. FIG. 9C is a section along the
line XIX-XIX in FIG. 9B. These figures relate to an exemplary flow cell 901 using three

sheets 810, 820, 830. For clarity, the boundaries of flow cell 901 are not explicitly shown in
these figures. Cavities 812, 831, 833 are as discussed above with reference to FIGS. 8 A—8C.

[00103]  In various aspects, sample-fluid source 919 is fluidically connected to at least one of
the respective second cavities 812 in flow cell 901, e.g., via inlet IN2 (FIG. 2). In this way,
sample-fluid source 919 can provide carrier fluid 304 including microparticulate samples 302
(both FIG. 3) to flow chamber 310. In various aspects, sheath-fluid source 939 is fluidically
connected to one or both of the first cavity 831 and the third cavity 833, e.g., via inlets IN1, IN3
(both FIG. 2). In this way, sheath-fluid source 939 can provide the sheath flow SH cooperating
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with the sample flow SM to provide hydrodynamically planar flow 305 (FIG. 3). In various of
these aspects, sample-fluid source 919 and sheath-fluid source 939 can include pumps, tubing,
or other components used in conventional flow cytometers or fluid-handling systems. In
various aspects, the volumetric flow is determined by cross-sectional area of the flow

chamber 310 and other cavities, and flow velocity is controlled by fluid pressure. In a simulated
example, the sheath flow is 7.5x10 m*/s and the sample flow is 7.5x10"'® m*/s. The simulated

center velocity is 1 m/s.

[00104] FIGS. 9A and 9B show that branches 331, 332, 333, 334 flow from cavities 831,
833. However, branch 331 does not overlay branch 333, and branch 332 does not overlay
branch 334, except in the immediate vicinity of cavities 831, 833 and in the immediate vicinity
of apertures 321, 322. This can advantageously provide additional mechanical strength, e.g.,

additional rigidity, to the flow cell 901.

[00105] As shown in the inset of FIG. 9B, one or more of, or each of, the first, second, third,
and fourth branches 331, 332, 333, 334 can have a substantially triangular cross-section, ¢.g., a
triangular or truncated triangular cross-section. The flow chamber 310 can have a substantially

rectangular (or square) cross-section in the sensing area 340.

[00106]  FIG. 9C shows a sectional view with arrows indicating the flow of fluid. Sheath
fluid flows in branches 331, 332, 333, 334. At apertures 321, 322, the sheath fluid SH passes
into flow chamber 310. As a result, hydrodynamically planar flow 305 of carrier fluid 304 is

formed (flowing out of the plane of the figure towards the viewer in this section).

[00107] FIG. 10A is a front view, FIG. 10B a detail of the front view, FIG. 10C a side view,
and FIG. 10D an end view, of components of a flow system according to various aspects, and
specifically of a flow cell 1001. This is a configuration similar to that of FIGS. 9A-9C.

Cavities 831 or 833 receive sheath fluid SH and supply branches 331, 332, 333, 334. Cavity 812
receives carrier fluid 304 (FIG. 3) and supplies flow chamber 310. As shown in FIG. 10B,
branches 331, 332 can meet at a 90° angle at cavities 831, 833, and can follow an arcuate (e.g.,
circular) path with a radius of 1.75 mm at apertures 321, 322. Arcuate paths described herein

can include arcs of circles or ellipses. As shown in FIG. 10C, flow cell 1001 can be 2 mm thick.

[00108]  FIGS. 11-14 are front views of components of flow systems according to various

aspects, and specifically of various configurations of flow cells.
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[00109] FIG. 11 shows a configuration in which branch 331 overlays branch 332, and
branch 333 overlays branch 334, more than in FIG. 10 but less than in FIG. 8A. As shown, the
branches 331, 332, 333, 334 follow straight paths at apertures 321, 322. Also as shown,
branches 331, 332 (and likewise branches 333, 334) can include angular corners or radiused

bends at direction changes.

[00110] FIG. 12 shows a configuration with limited branch overlays, similar to FIG. 10, but
with branches 331, 332 arranged along arcuate paths at cavities 831, 833 rather than along
straight segments as in FIG. 10B. Branches 331, 332 are also arrange along arcuate paths at
apertures 321, 322, similar to FIG. 10B. Branches 333, 334 follow straight paths both at
cavities 831, 833 and at apertures 321, 322.

[00111] FIG. 13 shows a configuration in which none of branches 331, 332, 333, 334
overlays any other of branches 331, 332, 333, 334 except in the immediate vicinity of

cavities 831, 833. Aperture 321 is offset from aperture 322 along flow chamber 310, as
discussed above with reference to FIG. 3. In this example, aperture 321 is closer to cavity 812
than is aperture 322. However, aperture 322 can alternatively be the aperture closest to

cavity 812. Also, in the configuration of FIG. 13, branches 331, 332 extend parallel to
branches 333, 334, respectively, in proximity to apertures 331, 332.

[00112] FIG. 14 shows a configuration similar to that of FIG. 13. In FIG. 14, apertures 321,
322 are offset from each other by offset 1405, ¢.g., 5 mm. Unlike FIG. 13, in FIG. 14,
branches 331, 332 are arranged along arcuate paths near aperture 321. Branches 333, 334 are

arranged along straight paths near aperture 322.

[00113]  FIGS. 15-20 are elevational sections showing graphical representations of simulated
hydrodynamically planar flows 305 in flow chambers 310 according to respective exemplary
aspects. The figures relate to various offsets 1405 between first aperture 321 and second
aperture 322 (all FIG. 14). The offsets are as given in Table 1, below. In Table 1, positive
offsets signify that aperture 322 is between cavity 812 and aperture 321 along flow

chamber 310. Negative offsets signify that aperture 321 is between cavity 812 and aperture 322
along flow chamber 310. In these terms, FIG. 14 shows an offset 1405 of —5 mm (negative

5 mm).
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Table 1
Figure Offset 1405
15 +100 pm
16 +50 um
17 ~0 um
18 =50 um
19 —100 um
20 =5 mm

In FIGS. 15-20, flow velocity of the hydrodynamic planar flow 305 is represented by shading,
with faster flows being shown in darker shades. As shown, no offsct (FIG. 17) and —50 um
offset (FIG. 18) have the most planar flow. However, other offsets, e.g., —100 um in FIG. 19,
can also provide a reasonably planar flow. The offset 1405 can be selected to balance increased
mechanical strength from higher offsets 1405 with improved performance from lower offsets.
Different offsets 1405 can be used for different viscosities of sheath fluid SH or carrier fluid 304
(FIG. 3). For laminar flow between 0.1 m/s and 1 m/s, viscosity can be a significant factor

providing the planar flow.

[00114]  Various experiments were conducted using a flow cell similar to that shown in
FIGS. 9A-9C having a flow channel 310 (FIG. 9A) with dimensions of 120 um x 80 um.
Hydrodynamically planar flow was observed for a sheath-fluid pressure (SHP) of 100 kPa with
sample-fluid pressures (SMP) of 100 kPa, 105 kPa, and 110 kPa. For SHP=100 kPa and
SMP=110 kPa, the hydrodynamically planar flow was present adjacent to first and second
apertures 321, 322 (FIG. 9A), and 10 mm and 20 mm downstream of first and second

apertures 321, 322 along flow chamber 310 (FIG. 9A). Hydrodynamically planar flow was also
observed for SHP=50 kPa with SMP=50 kPa, 55 kPa, or 60 kPa; for SHP=20 kPa with SMP=24
kPa; and for SHP=12 kPa with SMP=14 kPa. In the tested configurations, the Reynolds
number Re of the sample flow was less than 120.0 for various tested pressures below 140 kPa.
Re<120.0 indicates laminar flow. Accordingly, in various aspects, SMP is set substantially

equal to SHP times 1.1 or times 1.2. In other aspects, SMP is set below SHP or equal to SHP.

[00115]  FIG. 21 is a perspective view showing a graphical representation of simulated flow
in a flow chamber 310 (FIG. 3) according to an exemplary aspect. Sheath fluid 2104 flows
through, and is graphically represented by streamlines shown in, branches 331, 332, 333, and
334. This is discussed above, e.g., with reference to FIG. 9C. When the sheath fluid SH passes
through apertures 321, 322 (FIG. 9C), it forms the hydrodynamically planar flow 305 with
carrier fluid 304 (FIG. 9C) in flow chamber 310. The resulting flow velocity is represented
graphically by the density of hatching, with darker shading representing higher velocity. This

can be, e.g., a parabolic velocity profile, with the darkness of shading corresponding to the
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height of the parabola. Various characteristics of the illustrated simulated flow are discussed

above with reference to FIG. 3.

[00116]  FIG. 22 is a flowchart showing exemplary methods of observing microparticulate
samples 302. The steps can be performed in any order except when otherwise specified, or
when data from an earlier step is used in a later step. In at least one example, processing begins
with step 2210. For clarity of explanation, reference is herein made to various components
shown in FIGS. 1-14 that can carry out or participate in the steps of the exemplary method. It
should be noted, however, that other components can be used; that is, exemplary method(s)
shown in FIG. 22 are not limited to being carried out by the identified components. Various
steps herein can be automatically performed using a processor 2486, ¢.g., in a control unit 5
(FIG. 1).

[00117]  Instep 2210, processor 2486 operates the sample-fluid source 919 (FIG. 9A) to
provide carrier fluid 304 including microparticulate samples 302 to flow chamber 310 (all
FIG. 3), e.g., via cavity 812 (FIG. 14). Processor 2486 can, ¢.g., provide a signal on a control

line to activate a pump for the carrier fluid 304.

[00118]  In step 2220, processor 2486 operates the sheath-fluid source 939 (FIG. 9A) to
provide sheath fluid SH to branches 331, 332, 333, 334, e.g., via cavities 831, 833 (all FIG. 14).

Processor 2486 can, e.g., provide a signal on a control line to activate a pump for the sheath
fluid 2104.

[00119] In step 2230, processor 2486 operates the optical scanner, ¢.g., irradiation optical
system 2 (FIG. 3) to scan the irradiation spot across the sensing arca 340. This irradiates the
microparticulate samples 302 with electromagnetic radiation 399 so that resultant light is
produced by, in, or from the microparticulate samples 302 or internal structures or components

thereof such as organclles or fluorescent dyes.

[00120] In step 2240, while scanning, processor 2486 detects a time-varying light intensity
of resultant light from microparticulate samples 302 in sensing area 340 (both FIG. 3).
Processor 2486 can detect respective time-varying intensities of more than one resultant light,
e.g., forward-scattered (L_T-FS, FIG. 1), side-scattered (L._F-SS, FIG. 1), or other fluorescent
light.

[00121]  Instep 2250, processor 2486 detects two or more of the microparticulate
samples 302 according to the detected time-varying light intensity of the resultant light.
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[00122] In various configurations described above, the shape of each microparticulate
sample 302 can be obtained as a two-dimensional image. Accordingly, specific information
such as the size (diameter) and shape (outline) of each microparticulate sample 302 can be
obtained from the two-dimensional image. In an example of step 2250, processor 2486 forms
the two-dimensional image by arranging a plurality of data values of the detected time-varying
resultant-light intensity in a raster grid. Each data value is placed in a grid cell corresponding to
the position of the irradiation spot when the data value was measured. Processor 2486 then uses
known object-detection algorithms, ¢.g., thresholding, edge detection (such as Laplace, Sobel, or
difference-of-Gaussians), or flood-filling from a seed point, to detect the microparticulate

samples 302 in the two-dimensional image.

[00123]  Further, the classifications of samples to be observed, for example, the type of cells
to be used as biological samples, can be discriminated based on size, shape, density, or
polarization state of cach microparticulate sample, without using a fluorescence spectral
analysis. Some prior systems differentiate cell types using, e.g., fluorescent-dyed antibodies.
The fluorescent light emitted under laser illumination indicates the type of antibody, and thus the
type of cell to which the antibody is bound. However, this requires that a sufficient number of
antibodies bind to the cell to produce a detectable amount of fluorescent light. In contrast, in
various aspects, cell type can be determined directly. This advantageously reduces the
probability of mis-identification of cell type owing to insufficient binding of antibodies. It also
permits discriminating between two cell types that have different shapes but that carry the same

antigens and thus bind to the same antibodies. Some aspects use fluorescent-dyed antibodies.

[00124]  FIG. 23 is an exemplary two-dimensional image corresponding to the example
shown in FIG. 7. The image is a simulated image with a resolution of 32x36 pixels and a bit
depth of 2 bits (i.c., black, white, and two intermediate intensity levels). In this example, darker

shading represents intensities corresponding to cells 302A, 302B, 302C, 302D, 302E (FIG. 7).

[00125]  FIG. 24 is a high-level diagram showing the components of an exemplary data-
processing system 2401 for analyzing data to detect microparticulate samples 302 and for
performing other analyses described herein, and related components. The system 2401 includes
a processor 2486, a peripheral system 2420, a user interface system 2430, and a data storage
system 2440. The peripheral system 2420, the user interface system 2430 and the data storage
system 2440 are communicatively connected to the processor 2486. Processor 2486 can be
communicatively connected to a network, e.g., the Internet, to communicate data. The following

devices can each include one or more of systems 2486, 2420, 2430, 2440, and can each connect
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to one or more network(s): devices 2, 3, 4, 5 (FIG. 1) and 21, 23 (FIG. 6). Processor 2486, and
other processing devices described herein, can each include one or more microprocessors,
microcontrollers, field-programmable gate arrays (FPGAs), application-specific integrated
circuits (ASICs), programmable logic devices (PLDs), programmable logic arrays (PLAS),
programmable array logic devices (PALS), or digital signal processors (DSPs). Processor 2486
can be embodied in one or more device(s) for automatically operating on data, e.g., a central
processing unit (CPU), microcontroller (MCU), desktop computer, laptop computer, mainframe
computer, personal digital assistant, digital camera, cellular phone, smartphone, or any other
device for processing data, managing data, or handling data, whether implemented with

clectrical, magnetic, optical, biological components, or otherwise.

[00126]  Processor 2486 can implement processes of various aspects described herein.
Processor 2486 and related components can, e.g., carry out processes for detecting
microparticulate samples 302 or propertics thereof, as discussed above with reference to

FIG. 22. In an example, the processor 2486 computes a value

_ SIG Ts—SIG Tp
SIG Ts+SIG Tp

where SIG Ts and SIG_Tp are transmitted-light measurements for s and p polarizations,
respectively, and RD represents an imbalance of polarization of the transmitted light. Moreover,
in this example, RA=SIG Ts+SIG_Tp corresponds to the overall intensity of the transmitted
light. Processor 2486 can prepare a two-dimensional image such as that shown in FIG. 23, in
which value (dark to light) represents RA and saturation (neutral to colored) or hue (red to
violet) represents RD. This permits observing not only the shape of the microparticulate

sample 302 but also the inner structure of the microparticulate sample 302 that is a cause of the
polarization. Cell polarization images can be used to analyze live cells without requiring
fluorescence or fluorescent dyes. Cell division can also be observed by polarization observation.
Polarized light can also be used for measuring the lipid structure of membranes (e.g., lipid
bilayers). For example, cell rigidity can be measured using two polarized (vertical and
horizontal) signals. The rigidity of the cell is correlated with cell age, and can also indicate
activation state. Organized structures (e.g., actin or collagen) show highly directional responses
when using polarized light. Processor 2486 can also or alternatively use conventional object-
segmentation techniques known in the image-processing art to locate microparticulate samples

in 2-D images of the measured data, e.g., as discussed above with reference to FIG. 23.
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[00127]  The phrase “communicatively connected” includes any type of connection, wired or
wireless, for communicating data between devices or processors. These devices or processors
can be located in physical proximity or not. For example, subsystems such as peripheral system
2420, user interface system 2430, and data storage system 2440 are shown separately from the

processor 2486 but can be stored completely or partially within the processor 2486.

[00128]  The peripheral system 2420 can include one or more devices configured to provide
digital content records to the processor 2486. The processor 2486, upon receipt of digital
content records from a device in the peripheral system 2420, can store such digital content
records in the data storage system 2440. In an example, the peripheral system 2420 in control
unit 5 (FIG. 1) can include amplifiers, buffers, receivers, transceivers, or other interfaces to
receive, amplify, or otherwise preprocess SIG T or other detection signal(s). The peripheral
system 2420 can also include analog-to-digital (A/D) converters to provide processor 2486 with
digital samples of the detection signal(s). In the illustrated example, the peripheral system 2420
can include circuitry or communications interfaces to control or otherwise interface with
irradiation optical system 2, detection optical systems 3, 4, sample-fluid source 919, sheath-fluid

source 939, or other components of a flow cytometer 100.

[00129] In an example, peripheral system 2420 includes or communicates between
processor 2486 in a system control computer and a processor in a data acquisition system 2423
(“DAQ”). The DAQ 2423 can include a computer having a PCI Express or other bus. One or
more FPGA- or ASIC- based (for example) data sampling card(s) can be installed in slot(s) on
the bus. The sampling card(s) can include multiple channels of A/D conversion, ¢.g., at 50 Q or
another specified impedance. In various examples, the DAQ 2423 has four channels of 16-bit
sampling at 160 MHz, or 8-ch/16-bit/160 MHz, or 16-ch/16-bit/80 MHz. Data can be stored on
RAID arrays, solid-state drives, or other storage devices in or communicatively connected with
the DAQ 2423. In an example, a RAID array of 256 GB solid-state drives is used. Data
analysis can be performed by processor 2486 in the system control computer, by a processor in
the DAQ 2423, by a processor in a separate data analysis computer (not shown), ¢.g., included in
or connected to user interface system 2430. In the example shown, peripheral system 2420
sends control signals to elements 2, 3, 4, 919, and 939. DAQ 2423 receives signals from
clements 3 and 4 and transmits corresponding digital data via peripheral system 2420 to data

storage system 2440 or processor 2486.

[00130] In various aspects, processor 2486 in control unit 5 (FIG. 1) generates a two-

dimensional image of each microparticulate sample 302 by using a predetermined flow rate. In
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practice, the flow rate within the flow chamber 310 (FIG. 3) can vary due to, ¢.g., external
factors such as temperature (which can affect fluid viscosity). If the variation in the flow rate
increases, and the increased variation is not taken into account, there is a possibility that the two-
dimensional image obtained by the operation can be distorted and deviate from the actual shape
of each microparticulate sample 302. In other aspects, therefore, peripheral system 2420
includes or receives data from a flow rate measuring device arranged to monitor the flow rate
within the flow chamber 310, e.g., in real time. The control unit 5 generates a two-dimensional
image of each microparticulate sample 302 while updating the flow rate for use in generating the
two-dimensional image with the latest measured flow rate. Accordingly, this and similar aspects
permit producing a two-dimensional image with reduced distortion, even when the flow rate
varies. This permits obtaining a two-dimensional image of each microparticulate sample 302

with high accuracy.

[00131] The user interface system 2430 can convey information in either direction, or in both
directions, between a user 2438 and the processor 2486 or other components of system 2401.
The user interface system 2430 can include a mouse, a keyboard, another computer (connected,
¢.g., via a network or a null-modem cable), or any device or combination of devices from which
data is input to the processor 2486. The user interface system 2430 also can include a display
device such as electronic display 2435 configured for viewing by user 2438, a processor-
accessible memory, or any device or combination of devices to which data is output by the
processor 2486. The user interface system 2430 and the data storage system 2440 can share a

processor-accessible memory.

[00132]  Data storage system 2440 can include or be communicatively connected with one or
more processor-accessible memories configured to store information. The memories can be,
¢.g., within a chassis or as parts of a distributed system. The phrase “processor-accessible
memory” is intended to include any data storage device to or from which processor 2486 can
transfer data (using appropriate components of peripheral system 2420), whether volatile or
nonvolatile; removable or fixed; electronic, magnetic, optical, chemical, mechanical, or
otherwise. Exemplary processor-accessible memories include but are not limited to: registers,
floppy disks, hard disks, tapes, bar codes, Compact Discs, DVDs, read-only memories (ROM),
crasable programmable read-only memorics (EPROM, EEPROM, or Flash), and random-access
memories (RAMs). One of the processor-accessible memories in the data storage system 2440
can be a tangible non-transitory computer-readable storage medium, i.c., a non-transitory device
or article of manufacture that participates in storing instructions that can be provided to

processor 2486 for execution.
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[00133] In an example, data storage system 2440 includes code memory 2441, ¢.g., a RAM,
and disk 2443, ¢.g., a tangible computer-readable rotational storage device such as a hard drive
or a tangible computer-readable solid-state storage device such as a Flash drive. Computer
program instructions are read into code memory 2441 from disk 2443. Processor 2486 then
executes one or more sequences of the computer program instructions loaded into code
memory 2441, as a result performing process steps described herein. In this way,

processor 2486 carries out a computer implemented process. For example, steps of methods
described herein, blocks of the flowchart illustrations (e.g., FIG. 22) or block diagrams herein,
and combinations of those, can be implemented by computer program instructions. Code

memory 2441 can also store data, or can store only code.

[00134]  Various aspects described herein may be embodied as systems or methods.
Accordingly, various aspects herein may take the form of an entirely hardware aspect, an
entirely software aspect (including firmware, resident software, micro-code, etc.), or an aspect

combining software and hardware aspects These aspects can all generally be referred to herein

2% & 2% e EEEEYS

as a “service,” “circuit,” “circuitry,” “module,” or “system.”

[00135]  Furthermore, various aspects herein may be embodied as computer program
products including computer readable program code stored on a tangible non-transitory
computer readable medium. Such a medium can be manufactured as is conventional for such
articles, e.g., by pressing a CD-ROM. The program code includes computer program
instructions that can be loaded into processor 2486 (and possibly also other processors), to cause
functions, acts, or operational steps of various aspects herein to be performed by the
processor 2486 (or other processor). Computer program code for carrying out operations for
various aspects described herein may be written in any combination of one or more
programming language(s), and can be loaded from disk 2443 into code memory 2441 for
execution. The program code may execute, e.g., entirely on processor 2486, partly on
processor 2486 and partly on a remote computer connected to a network, or entirely on the

remote computer.

[00136] In view of the foregoing, various aspects provide flow cytometers and flow
chambers for flow cytometers that provide increased throughput by arranging microparticulate
samples 302 in a hydrodynamically planar flow 305 (both FIG. 3). A technical effect of various
aspects is to operate pumps or other fluid supplies to control the flow of sheath and sample
fluid SH, SM to provide the hydrodynamically planar flow 305. A further technical effect of

various aspects is to measure the shapes of microparticulate samples 302, such as cells, and to
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measure data regarding the internal structures of those samples 302. A further technical effect is
to present a visual representation of the measured shapes or structures on an electronic

display 2435.

[00137]  As described above, in various aspects, the laser light L is focused or otherwise
directed to converge onto an area (the irradiation spot) smaller than each microparticulate
sample 302. (Alternatively, a laser with a core size smaller than the microparticulate sample 302
can be used, and the beam directed to scan the microparticulate sample 302.) Accordingly, in
this configuration, a profile of local scattered light and the like can be obtained by scanning the
microparticulate samples 302. When the scanning rate, the scanning direction, and the flow rate
of the microparticulate samples 302 are taken into consideration based on this profile, a two-
dimensional image of each microparticulate sample 302 can be obtained. That is, according to
this configuration, the form of each microparticulate sample 302 can be directly observed by
observing transmitted light, without using the fluorescence. Current cytometers measure
averaged size and cell complexity using forward- and side-scattering signals. Even fluorescence
does not provide information regarding shape of individual cells. In conventional cytometers,
calibration beads of a known size arec measured to determine the corresponding scattered-light
intensities. Measured intensities from cells are then compared to the intensities from the
calibration beads to infer size. This process requires a calibration step and does not provide a
high level of accuracy of the results. In contrast, inventive scanning image cytometers described
herein can provide 2-D transmission images with polarization (SIG_Tp and SIG_Ts signals) and

fluorescence (SIG_f1-SIG f3 signals) data for each (x, y) location.

[00138]  Hereinafter, other advantages obtained in various aspects will be described. In
various aspects, the laser light radiated onto each microparticulate sample 302 is focused or
directed to converge to an irradiation spot having a size set by the diffraction limit of the
detection optical systems 3, 4, or of other optics in the flow cytometer 100 (all FIG. 1). Using a
diffraction-limited spot increases the light density, and improves the detection sensitivity and
spatial resolution of measurements of microparticulate samples 302. In an example, the
irradiation spot for a laser with wavelength A has a diameter between A/1.4 and A/2. As a result,
a very small microparticulate sample, ¢.g., a submicrometer-sized to nanometer (nm)-sized
sample, such as a virus, can be detected. Such small microparticulate samples 302 cannot be
detected in prior flow cytometers. Furthermore, since the laser light is directed to irradiate a
very small area, the total light output of the laser source 21 (FIG. 6) can be reduced as compared
with the typical flow cytometer, without reducing the irradiance (W/m?). In various aspects, the

irradiation optical system 2 (FIG. 1) is configured to provide an irradiance on the
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microparticulate sample 302 selected based on the properties of the microparticulate sample, of

any fluorescent dyes therein, or of other components or structures to be measured.

[00139] In various examples, the incident-light spot diameter d is characterized by the

following equation:

d =kA/NA

for numerical aperture NA and wavelength . In an example, k=0.82 for a spot diameter
measured at 1/¢? or 0.48 for a spot diameter measured at FWHM. “1/e?” refers to the perimeter
around the spot where the intensity is 1/e* = 0.135 of the peak intensity of the spot; “FWHM”
refers to that perimeter at 50% of the peak intensity. Therefore, a 0.2 um spot size can be used.
Prior flow cytometers use, €.g., 10 umx70 um spots. Various inventive examples herein
therefore provide >10,000 times the areal resolution of such comparative schemes. In an
example, blood cells can have diameters ~10 um. For measuring blood cells, a 2 pm spot
(smaller than 10 um/3) can be used. In various aspects, A can be, ¢.g., less than the thickness T

or the diameter of microparticulate samples 302 (both FIG. 3), or less than half of either of those.

[00140] In this and other exemplary configurations, a confocal optical system is used in the
detection optical system 3 for detecting transmitted light. The confocal optical system also
includes the laser source 21 and objective lens 24 (both FIG. 6) that provide localized
illumination, and a pinhole that blocks out-of-focus light. This advantageously permits
observation with a resolution substantially equivalent to the resolution of an observation of
microparticulate samples 302 with a laser confocal microscope. Consequently, image
information on the surface and internal structure of each microparticulate sample 302 can be

obtained with high accuracy.

[00141] In a typical flow cytometer that applies a large irradiation spot to a sample, the light
intensity of the irradiation spot has a distribution (for example, a Gaussian distribution).
Accordingly, a variation occurs in the detection sensitivity depending on the position of the
microparticulate sample 302 within the irradiation spot. For example, if the microparticulate
sample 302 is not centered in the irradiation arca of a conventional flow cytometer, the signal
intensity will be lower than if the microparticulate sample 302 is centered in that irradiation area.
On the other hand, in various inventive aspects described herein, including this configuration,
the irradiation spot is smaller than the microparticulate sample 302. This significantly reduces,
and can almost eliminate, variation of the detection sensitivity due to position variation of the

microparticulate sample 302. This can also substantially reduce variation due to the light

37



10

15

20

25

WO 2016/099538 PCT/US2014/071391

intensity distribution of the laser irradiation spot within the linear sweep range. A small spot
scanned across a microparticulate sample 302 can provide uniform illumination within an area

of constant scan velocity.

[00142] A conventional flow cytometer requires labeling on microparticulate samples 302 by
using a fluorescent substance as a labeled substance (e.g., using antibodies, as discussed above).
This causes problems in that it can take a great deal of time to perform preparatory work, and the
survival rate and purity of biological samples can be adversely affected during an observation of
biological cells, for example. However, the image flow cytometer according to various
exemplary aspects enables non-labeling cell measurement, i.e., measurement without labeling
with a fluorescent substance. Therefore, the cell measurement can be achieved without the need
for preparatory work and without any adverse effect on the survival rate and purity of biological

samples.

[00143]  From description herein, it will be apparent that aspects can be varied in many ways.
Such variations are not to be regarded as a departure from the spirit and scope of the invention,
and all such modifications as would be obvious to one skilled in the art are intended for

inclusion within the scope of the claims.

[00144]  The invention is inclusive of combinations of the aspects described herein.
References to “a particular aspect” (or “embodiment” or “version”) and the like refer to features
that are present in at least one aspect of the invention. Separate references to “an aspect” or
“particular aspects” or the like do not necessarily refer to the same aspect or aspects; however,
such aspects are not mutually exclusive, unless so indicated or as are readily apparent to one of
skill in the art. The use of singular or plural in referring to “method” or “methods” and the like is
not limiting. The word “or” is used in this disclosure in a non-exclusive sense, unless otherwise

explicitly noted.

[00145] The invention has been described in detail with particular reference to certain
preferred aspects thereof, but it will be understood that variations, combinations, and
modifications can be effected by a person of ordinary skill in the art within the spirit and scope

of the invention.
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WHAT IS CLAIMED IS:

1. An image flow cytometer for observing microparticulate samples, the
image flow cytometer comprising:

a) a flow system configured to direct a carrier fluid including the
microparticulate samples through a sensing area in a substantially hydrodynamically planar
flow, the substantially hydrodynamically planar flow having a selected thickness, a selected
flow direction, and a selected flow rate, the flow system including:

1) a flow chamber extending in the selected flow direction, the flow
chamber including first and second apertures on opposed surfaces of the flow chamber and a
sensing arca downstream of the first and second apertures along the flow direction, the flow
chamber configured to receive the carrier fluid upstream of the first and second apertures; and

ii) a sheath-fluid channel configured to receive a sheath fluid and
including:

A) first and second branches configured to carry the sheath
fluid into the flow chamber through the first aperture and oriented in substantially opposite
directions at the first aperture; and

B) third and fourth branches configured to carry the sheath
fluid into the flow chamber through the second aperture and oriented in substantially opposite
directions at the second aperture;

b) an irradiation optical system adapted to scan an irradiation spot smaller
than the selected thickness across the sensing area in a scan direction different from the selected
flow direction;

c) a detection optical system that detects a time-varying light intensity of
resultant light from the flow chamber; and

d) a processor configured to detect two or more of the microparticulate

samples according to the detected time-varying light intensity of the resultant light.

2. The image flow cytometer according to claim 1, wherein the first and

second apertures are substantially directly opposed.

3. The image flow cytometer according to any one of claims 1-2, wherein

the first and second apertures are offset from each other along the flow chamber.

4. The image flow cytometer according to claim 3, wherein the first and

second apertures are offset by at most 100 um from each other along the flow direction.
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5. The image flow cytometer according to any one of claims 1-4, wherein
the flow system includes a plurality of layers, the first and second branches are arranged in a
first one of the layers, and the third and fourth branches are arranged in a second, different one

of the layers.

6. The image flow cytometer according to claim 5, wherein the first branch
at least partly overlays the third branch in a first region spaced apart from the first and second
apertures and the second branch at least partly overlays the fourth branch in a second region

spaced apart away from the first and second apertures.

7. The image flow cytometer according to any one of claims 1-6, wherein
the flow system includes first, second, and third substantially planar sheets affixed together in
that order, wherein the first sheet includes one or more cavities defining the first and second
branches, the second sheet includes one or more cavities defining the flow chamber, and the

third sheet includes one or more cavities defining the third and fourth branches.

8. The image flow cytometer according to claim 7, wherein each of the first

and third sheets is approximately 1 mm thick.

9. The image flow cytometer according to any one of claims 7-8, wherein

the second sheet is approximately 50 um thick.

10.  The image flow cytometer according to any one of claims 7-9, wherein
cach of the sheets includes a material substantially impermeable to both the carrier fluid and the

sheath fluid around the respective one or more cavities.

11.  The image flow cytometer according to any one of claims 7-10, wherein:

a) the first sheet includes a first cavity fluidically connected to the first and
second branches to receive the sheath fluid;

b) the second sheet and at least one of the first and third sheets include
respective second cavities fluidically connected to the flow chamber to receive the carrier fluid;
and

) the third sheet includes a third cavity fluidically connected to the third and

fourth branches to receive the sheath fluid.

12. The image flow cytometer according to claim 11, wherein the second
sheet includes a fourth cavity at least partially overlaying, and fluidically connected to, each of

the first cavity and the third cavity.
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13.  The image flow cytometer according to any one of claims 11-12, wherein
the flow system further includes:

a) a sheath-fluid source fluidically connected to one or both of the first
cavity and the third cavity; and

b) a sample-fluid source fluidically connected to at least one of the

respective second cavities.

14.  The image flow cytometer according to any one of claims 1-13, wherein
the flow chamber has a substantially rectangular cross-section in the sensing area and each of the

first, second, third, and fourth branches has a substantially triangular cross-section.

15.  The image flow cytometer according to any one of claims 1-14, wherein
the flow system is configured to space the microparticulate samples apart transverse to the flow

direction.

16.  The image flow cytometer according to any one of claims 1-15, wherein
the substantially hydrodynamically planar flow and the sensing area have respective widths at

least five times the selected thickness.

17. A flow system for transporting microparticulate samples in a substantially
hydrodynamically planar flow substantially in a selected flow direction, the flow system
comprising:

a) a flow chamber extending in the flow direction, the flow chamber
including first and second apertures on opposed surfaces of the flow chamber, the flow chamber
configured to receive a carrier fluid including the microparticulate samples upstream of the first
and second apertures; and

b) a sheath-fluid channel configured to receive a sheath fluid and including:

1) first and second branches configured to carry the sheath fluid into
the flow chamber through the first aperture and oriented in substantially opposite directions at
the first aperture; and

i) third and fourth branches configured to carry the sheath fluid into
the flow chamber through the second aperture and oriented in substantially opposite directions at

the second aperture.

18.  The flow system according to claim 17, wherein the flow chamber is
substantially transparent to a selected wavelength of electromagnetic radiation in a sensing area

downstream of the first and second apertures along the flow direction.
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19.  The flow system according to any one of claims 17—18, wherein the first

and second apertures are substantially directly opposed.

20.  The flow system according to any one of claims 17-19, further including
first, second, and third substantially planar sheets affixed together in that order, wherein:

a) the first sheet includes one or more cavities defining the first and second
branches, the second sheet includes one or more cavities defining the flow chamber, and the
third sheet includes one or more cavities defining the third and fourth branches;

b) the first sheet includes a first cavity fluidically connected to the first and
second branches to receive the sheath fluid;

) the second sheet and at least one of the first and third sheets include
respective second cavities fluidically connected to the flow chamber to receive the carrier fluid;
and

d) the third sheet includes a third cavity fluidically connected to the third and

fourth branches to receive the sheath fluid.
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