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A MICROFLUIDIC CARD FOR RBC ANALYSIS

The present invention claims the benefit of U.S.
Provisional Patent Application No. 60/696,162, filed July
1, 2005. U.S. Provisional Patent Application No.
60/696,162, filed July 1, 2005, is hereby incorporated by

reference.

Background

The present invention pertains to analyzers and
particularly to hematology analyzers. More particularly,
the invention pertains to analyzers with removable cards
or cartridges.

Patents and applications related to the present
invention may include: U.S. Patent No. 6,382,228, issued
May 7, 2002, and entitled “Fluid Driving System for Flow
Cytometry”; U.S. Patent No. 6,597,438, issued July 22,
2003, and entitled "Portable Flow Cytometry"; U.S. Patent
No. 6,970,245, issued November 29, 2005, and entitled
"Optical Alignment Detection System; U.S. Patent No.
6,549,275, issued April 15, 2003, and entitled “Optical
Detection System for Flow Cytometry”; U.S. Patent No.
5,836,750, issued November 17, 1998, and entitled
"Electrostatically Actuated Mesopump Having a Plurality
of Elementary Cells"; U.S. Patent Application No.
11/027,134, filed December 30, 2004, and entitled
"Optical Detection System with Polarizing Beamsplitter;
U.S Patent Application No. 10/908,543, filed May 16,
2005, and entitled "Cytometer Analysis Cartridge Optical
Configuration'; and U.S. Patent Application No.
10/908,014, filed April 25, 2005, and entitled "A Flow
Control System of a Cartridge"; all of which are hereby

incorporated by reference.
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Summary
This invention describes a microfluidic card system
for the measurement of gsome red blood cell indices as
part of a blood count measurement. The system may
include microfluidic structures to reduce or eliminate

sample clumping and/or particle settling.

Brief Description of the Drawing

Figure la is a diagram of a hematology analysis
system;

Figure 1b is a diagram of an example red blood cell
cartridge or card of the analysis system;

Figures 2a and 2b note an effect of gravity on
particles in a channel and the channel direction relative
to gravity;

Figure 3 is an exploded view of an analysis card;

Figures 4-12 shown certain layers of the analysis
card;

Figure 13 shows a layout of components on the card;

Figures 14-18 indicate fluid movements for a red
blood cell analysis on a card;

Figure 19 indicates locations of some of the
critical measurement tolerances;

Figure 20 is a table of dimensions of layers of the
card;

Figure 21 is table of dilution and sphering
specifications of the sample;

Figure 22 is a graph of a control pattern for the
sample and diluent pumps;

Figure 23 shows a table with parameters of diluent
flow rate, cell coincidence and solution storage;

Figure 24 is a graph of a control pattern for sample
and diluent pumps during a two-stage push of sphered RBC

solution for RBC samples;
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Figure 25 shows a table with parameters of diluent
flow rate, cell coincidence and solution storage;

Figure 26 is an illustration of a red blood cell
sphering channel;

Figure 27 shows a cross-section of blood in a
channel of gphering solution;

Figure 28 shows various designs of channel and via
interfaces for bubble reduction;

Figures 29-34 are various configurations of sphering
channels having anti-sediment or anti-accumulation
characteristics;

Figure 35 shows a junction for minimizing a clumping
of a sample; and

Figure 36 is a block diagram of shearing and

sphering mechanisms.

Description

The present invention generally relates to sample
analyzers, and in particular, to sample analyzers or
cytometers with removable and/or disposable cartridges
for use at the point of care of a patient such as in a
doctor’s office, in the home, or elsewhere in the field.
By providing a removable and/or disposable cartridge or
card with the needed reagents and/or f£luids, the sample
analyzer may be reliably used outside of the laboratory
environment, with little or no specialized training. The
present analyzer may, for example, help streamline the
sample analysis process, reduce the cost and burden on
medical or other personnel, and increase the convenience
of sample analysis for many patients, including those
that require relatively frequent blood
monitoring/analysis.

An approach which allows rapid and efficient

particle discrimination in a particle-suspension sample
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is flow cytometry. In this approach, a suspension of
particles, typically cells in a blood sample, is
transported through a flow channel where the individual
particles in the sample are illuminated with one or more
focused light beams. The interaction of the light
beam(s) with the individual particles flowing through the
flow channel is detected by one or more light detectors.
Commonly, the detectors are designed to measure light
absorption or fluorescence emission, at specific beam or
emission wavelengths, and/or light scattering at specific
scattering angles. Thus, each particle that passes
through the flow channel can be characterized as to one
or more features related to its absorption, fluorescence,
light scattering or other optical or electrical
properties. The properties that are measured by the
detectors may allow each particle to be mapped into a
feature space whose axes are the light intensities or
other properties which are measured by the detectors. 1In
an ideal situation, the different particles in the sample
may map into distinct and non-overlapping regions of the
feature space, allowing each particle to be analyzed
based on its mapping in the feature space. Such analysis
may include counting, identifying, quantifying (as to one
or more physical characteristics) and/or sorting of the
particles.

In one illustrative example, there may be a sample
analyzer which is provided that has a removable cartridge
that receives a collected sample, such as a collected
whole blood sample, and once the removable cartridge is
installed and the analyzer is activated, the analyzer and
cartridge may automatically process the sample and the
analyzer may provide sufficient information for the user
to make a clinical decision. 1In some examples, the

analyzer may display or print out quantitative results
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(e.g., inside and/or outside of a predefined range), such
that no further calculations or interpretation is
required by the user.

The sample analyzer may be used, for example, to
determine the number and/or types of blood cells in a
blood sample. In an illustrative example, the analyzer
includes a housing and a removable fluidic cartridge,
wherein the housing is adapted to receive the removable
fluidic cartridge. 1In some cases, the removable fluidic
cartridge is a disposable cartridge. In an illustrative
example, the removable fluidic cartridge may include one
or more reagents (e.g., sphering agents, lysing reagents,
sheathing agents, stain, and/or diluents, one or more
analysis channels, one or more flow sensors, one oOr more
valves, and/or a fluidic circuit that is adapted to
process (e.g., sphere, lyse, sheath, stain, or other) a
sample and deliver processed sample(s) to the appropriate
analysis channel on the cartridge. To support the card,
the housing may include, for example, a pressure source,
one or more light sources, one or more light detectors, a
processor and a power source. The pressure source may
provide appropriate pressure(s) to the removable fluidic
cartridge ports to drive the fluids as required through
the fluidic circuit. The one or more light sources of
the analyzer may be used to interrogate the prepared
sample in at least selected analysis channels of the
removable cartridge, and the one or more light detectors
of the analyzer may detect the light that passes through,
is absorbed by and/or is scattered by the sample. The
processor may be coupled to at least some of the light
sources and detectors, and possibly flow sensors, valves
and/or pumps, and may determine one or more parameters of
the sample. In some examples, the one or more analysis

channels on the removable fluidic cartridge may include
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one or more flow cytometry channels. In some
illustrative examples, a whole blood sample may be
provided to the removable fluidic cartridge, and the
removable cartridge may be adapted to perform a blood
analysis.

The present system may provide a complete blood
count (CBC) card based on a micro-scale flow cytometer
for obtaining one or more of the following items
including red blood cell (RBC) counts, sphering RBCs,
platelet counts, lysis of RBCs, mean cell volume
determinations of RBCs, multi-part differential counts of
white blood cells (WBCs), hemoglobin absorbénce—based
measurements, various additional indices of RBCs,
platelets, WBCs, hemoglobin, and so forth, plus
hydrodynamic focusing to create single-file streams of
cells, and a pneumatic fluid driver system. Additional
items may be provided by and/or be a part of the present
system.

To obtain cards for functionality testing, a card
for testing the measurement and count of RBCs and
platelets may be used. This card may employ a wet
interface with fluids supplied by volumetric-based
delivery from an off-card reagent storage and flow

sensors. The only on-card storage retained may be the

waste tank and the whole blood sample loop.

Figure la is a perspective view of an illustrative
sample analyzer and cartridge. The illustrative sample
analyzer is generally shown at 10, and may include a
housing 12 and a removable or disposable cartridge 14.
Cartridge or card 14 may be for a red blood count (RBC)
with an anti-sediment channel as noted herein. The
illustrative housing 12 may include a base 16, a cover
18, and a hinge 20 that attaches the base 16 to the cover

18, but this is not required. In the illustrative
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example, the base 16 includes a first light source 22a, a
second light source 22b, and a third light source 22c,
along with associated optics and the necessary
electronics for operation of the sample analyzer. Each
of the light sources may be a single light source or
multiple light sources, depending on the application. 1In
some cases, the overall dimensions of the housing may be
less than 1 cubic foot, less than one-half cubic foot,
less than one-quarter cubic foot, or smaller, as desired.
Likewise, the overall weight of the housing may be less
than 10 pounds, less than 5 pounds, less than one pound,
or less, as desired.

The illustrative cover 12 may include a pressure
source (e.g. pressure-chambers with control microvalves),
a first light detector 24a, a second light detector 22b,
and a third light detector 22c¢, each with associated
optics and electronics, e.g., a processor. Each of the
light detectors may also be a single light detector or
multiple light detectors, depending on the application.
Polarizers, splitters, and/or filters may also be
provided, if desired, depending on the application.

The illustrative removable cartridge 14 may be
adapted to receive a sample fluid via a sample collector
port, which in the illustrative example, includes a
lancet 32. The lancet 32 may be retractable and/or
spring loaded, as in some examples. A cap 38 may be used
to protect the sample collector port and/or lancet 32
when the removable cartridge 14 is not in use.

In the illustrative example, the removable cartridge
14 may perform a blood analysis on a whole blood sample.
The lancet 32 may be used to prick the finger of the user
to produce a sample of blood, which through capillary
action, may be drawn into an anti-coagulant coated

capillary in the removable cartridge 14. The removable
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cartridge 14 may be constructed with fluidic circuits,
some of which are fabricated using a laminated structure
with etched channels. However, it is contemplated that
the removable cartridge 14 may be constructed in any
suitable manner including by injection molding or any
other suitable manufacturing process or method, as
desired.

During use, and after a blood sample has been drawn
into the removable cartridge 14, the removable cartridge
14 may be inserted into the housing when the cover 18 is
in the open position. In some cases, the removable
cartridge 14 may include holes 26a and 26b for receiving
registration pins 28a and 28b in the base 16, which may
help provide alignment and coupling between the different
parts of the instrument. The removable cartridge 14 may
also include a first transparent flow stream window 30a,
a second transparent flow stream window 30b and a third
transparent window 30c, which are in alignment with the
first, second and third light sources 22a, 22b and 22c,
and the first, second and third light detectors 24a, 24b
and 24c, respectively.

When the cover is moved to the closed position, and
the system is pressurized, the cover 18 may provide
controlled pressures via pressure providing ports 36a,
36b, 36c, and 36d to pressure receiving ports 34a, 34b,
34c and 34d, respectively, in the illustrative removable
cartridge 14. It is contemplated that more or less
pressure providing and pressure receiving ports may be
used, depending on the application. Alternatively, or in
addition, it is contemplated that one or more micro-
pumps, such as electrostatically actuated meso pumps, may
be provided on or in the removable cartridge 14 to
provide the necessary pressures to operate the fluidic

circuit on the removable cartridge 14. Some illustrative
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electrostatically actuated meso pumps may be described
in, for example, U.S. Patent Numbers 5,836,750,
6,106,245, 6179,586, 6,729,856, and 6,767,190, all
assigned to the assignee of the present invention, and
all incorporated herein by reference. Once pressurized,
the illustrative instrument may perform a blood analysis
on the collected blood sample.

Figure 1b is a diagram showing some aspects of an
illustrative example RBC cartridge or card 14. One may
start with a sample of whole blood 11 to a sample
collector 13. The blood may be pushed on to a sphere on
the fly injector 15. The flow rates for pushing the
sample, and also for the sphering and sheathing fluids
may be provided by pump mechanisms or flow rates control

box 17. Sphering fluid for the sphere on the fly

injector 15 may come from a sphering solution reservoir

19. The solution and blood may proceed through a
sphering channel 21 to a hydrodynamic focusing chamber
23. A sheathing fluid may go from a sheath reservoir 25
to the hydrodynamic focusing chamber 23 to aid in
aligning the sphered red cells in single file 27 through
an optical channel 29 for detection and analysis. After
the cells have proceeded through optical channel 29, the
cells and fluid may proceed on to a waste storage 31.

The present system may be used to count and
discriminate cells (e.g., RBCg, PLTs, and the like) and
measure cell size (diameter, volume) in a cytometer
channel using optical sensing. A laser (or other) source
may be focused into a cytometer or flow channel, either
as an elongated line source or as two separate spot
sources. The cells may be made to flow in the cytometer
channel through the focused light.

Several main or major parameters (e.g., indices), a

red blood cell (RBC) count (cells/uL), a platelet (PLT)
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count (cells/pL), a mean cell volume (MCV), and a red
cell distribution width (RDW) may be attained with an
optical approach upon a blood sample. MCV is effectively
a measurement of the average size of the RBCs. RDW is
the variation of the size among the RBCs. A greater
variation of the sizes of the RBCs, the greater is the
RDW.

An RBC count is an actual number of RBCs per unit
volume of the blood under analysis. Hct is hematocrit
which is RBC x MCV, and may amount to a measure of oxygen
carrying capacity of the blood (i.e., total capacity of
all of the cells in the unit volume under analysis). Hct
may also be regarded as an amount of space that the RBCs
take up in the blood, or the proportion of the whole
blood that is composed of red blood cells. MCH is the
"mean cell hemoglobin" which is effectively the amount of
hemoglobin in each RBC. MCH may be regarded as the mean

or approximately an average mass of hemoglobin in an

individual RBC, in units of picograms. MCH = Hb =+ RBC.
Hb is the amount of hemoglobin per unit volume of the
sample under analysis. MCHC is the "mean cell hemoglobin
concentration" which may be regarded as the concentration
of hemoglobin per unit volume in each of the RBCs. MCHC
= Hb + Hct.

System may provide information via the control
electronics or processor from essentially optical
techniques including a set of measured parameters which
include cell flow rate (FR), measurement time (T),
dilution factor (DF), number of RBCs counted (Ngge),
number of platelets counted (Npyr), the amount of
hemoglobin (Hb), and the diameter (microns) of virtually
each cell; (drbecyi). <drbeci> is the average of the
measured cell diameters of the cells, denoted by the set

{drbci}. Some of the major calculated parameters may

10
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include: RBC = Ngge + (DF x FR X T); PLT = Npyr + (DF x FR
X T); MCV = (n/6) x <drbe;®>; and RDW = SD{[(n/6)drbc;®]} +
MCV, where SD denotes the standard deviation of the

measured quantities. Calculated parameters may include:

Het = RBC x MCV; MCHC = Hb + Hct; and MCH = MCHC x MCV.

The blood sample may go on to a sample preparation
module. The red blood cells may be turned from non-
spheric shapes into spheres. The original shape of a red
blood cell tends to be a flat cupped shape. This
reshaping may be referred to as isovolumetric sphering.
A sphering fluid may be used for reshaping the red blood
cells into sphere-like cells, as described, for example,
by Ornstein and Kim in U.S. 4,412,004. The sphering
fluid appears to just affect the red blood cells of the
sample.

One of the approaches involves a red blood count
(RBC) card. One concern is attaining precise control of
fluid flow rates and distribution of erythrocytes within
the flow channels. One aiding property may be system
stiffness. Good flow rate control, even with flow
sensors off-card, is possible if the system has very low
mechanical and fluidic compliance. This may require a
mechanically stiff card, for example a card with thick
walls.

Another concern is the sample loop. Channels with
smali cross-sections connected by small vias may provide
the following properties. They may include increased
flow resistance to increase backpressure, which reduces
sample pushback, improved sweep-out of the sample by
pusher fluid, increased mechanical stiffness by smaller
channel walls, and increased fluidic stiffness by
reduction in size and number of gas bubbles trapped
during wet-out. Also, small wall roughness may minimize

trapped bubbles.

11
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Settling physics in the sphering channel may be
noted. Erythrocytes have a specific gravity of
approximately 1.1 and begin to settle immediately in
diluted blood. The settling velocity Usettiing 1S a
function of fluid viscosity, particle size and shape, and
densities of the particle and fluid. For example, the
settling velocity of a hard sphere in a Newonian fluid is

Usettling = (2/9) &° Ap g / u
where a is the sphere radius, g is the acceleration of
gravity, p is the fluid viscosity, and Ap is the density
difference between the sphere and the surrounding fluid.
Other particle shapes may have different settling
velocities that are derived from the balance of
frictional drag force and buoyancy force.

The local number density of cells at any location in
the channel may be affected by settling. In cytometry,
the particles are generally placed at the center of the
channel. Particle sedimentation may adversely affect
particle count accuracy by trapping particles along the
wall and thus such particles will not be counted.

One strategy to avoid sedimentation may include
rotating the direction of the channel flow with respect
to the direction of gravity. This strategy may allow an
increased residence time of the particle within the
channel without sedimenting. A dimensionless
sedimentation parameter, S, may be defined by

5 = (8 / wo) - (Usettiing / W) Zi(cos 6;i Aty) > 0
where which &y is the initial distance of the particle
from the wall and w is the local width of a varying-width
channel (Figures 2a and 2b for the initial and “i”
sections, respectively). The subscript 0 refers to the
initial values at the beginning of the channel and the
subscript i = 0, 1, 2, ..., refers to each change in

channel direction. The sigma notation ¥ stands for the

12
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summation of the following quantity in parentheses over
each value of sgbscript i. The angle © is the included
angle between the direction of gravity and a line through
the particle that is perpendicular to the wall. The time
Aty is the amount of time that a particle that is a
distance & from the wall will take to pass through
gsection i of the channel. A positive wvalue of S may
ensure that the particle will not touch the wall.

Figures 2a and 2b are sketches of a particle in the
initial section and a downstream section “i” of a fluid
channel showing included angle 6 between gravity
direction g and distance of particle from wall &. The
width of the channel w may change from section to section
as well as the channel direction with respect to gravity.
Changing channel direction may increase allowable
residence time of particle within channel without
particle sedimentation along the channel wall.

Relative to the sphering operation (i.e., serial
dilution), the sphering channel may be loaded by a large
diluent flow that sheathes a small sample flow. The
loaded fluid may then be dispensed by the small flow of
the sample.

Figure 3 shows layers 41, 42, 43, 44, 45, 46, 47, 48
and 49 of an RBC card 40 apart from one another for
illustrative purposes. Figures 4, 5, 6, 7, 8, 9, 10, 11
and 12 are dimensioned drawings showing layers of a
cytometer card design. A datum may be defined at the
optical channel 53. The dimensions may be specified with
respect to the datum. The general tolerance may be
within 10 percent on the features. Specific tolerances
may be called out where tighter tolerances are desired.

Figure 4 shows a plan view of card 40 with layers
stacked together, with certain fluidic circuit details

having some dimensions in millimeters (mm). Figure 5
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shows layer 42 with some channel details. Figure 6 shows
details of some items on layer 42. Figure 7 shows layer
43 along with some details. Figure 8 shows layer 44 with
details, including an anti-settling loop 51. Figure 9
shows several items in some detail, including loop 51 of
card 44. Figures 10 and 11 show layers 45 and 46,
respectively. Figure 12 shows layer 47, including some
ribbing 52 of a waste chamber.

Many of the components of the microfluidic circuit
may be long and narrow channels with volumes and cross-
sections (width and height) as indicated in the tables in
Figures 20 and 21. The height dimensions may be the
smallest and have the tightest tolerances since they most
affect pressure loss, sedimentation rate, and diffusion
speed in the channels. The channel widths and lengths
may often be nominal, but the volumes do need tolerances.

Figure 13 reveals key features of RBC cytometer
card. The sample may be whole blood loaded into a sample
loop 65 through a port 61. Sphering solution and sheath
fluid (they could be the same fluid) may be pumped into
the card throﬁgh ports 63 and 64 respectively. These
ports may be located to correspond to o-ring connections
on the test manifolds. Port 61 may be sized to match a
syringe needle tip used to load the blood sample. An
improved interface may have needles on the manifold that
penetrate elastomeric septums on the card 60. The base
of these needles may press against the elastomer,
providing a low-compliance seal during operation. After
the assay, the septum may self-seal and prevent leakage
while handling the card for disposal.

The vent hole 62 may prevent buildup of pressure in
the waste tank as it is filled. It may have a porous
membrane that allows passage of gas, but not liquid. The

sample loop 65 may be a long and thin channel for several

14



WO 2007/005973 PCT/US2006/026211

10

15

20

25

30

reasons. One may include system dynamics. The response
(e.g., “pushback”) of the sample flow to transient events
in the large flows (i.e., sphering solution and sheath
fluid) may be reduced by increasing the flow resistance
and inductance and by reducing compliance of the sample
loop channel. Another may include sample uniformity.

The sample pusher fluid may very likely cleanly sweep the
sample from the sample loop 65. If the sample loop 65
were a short wide channel, the pusher fluid should sweep
through the channel center leaving much sample blood
behind along the walls.

There -may be an injection-molded version of the
sample/diluent injector. The physical shape of the
plastic film laminate version may be different, but its
operation appears the same. Blood may be ejected from a
hole in the trailing edge of a three-layer laminate into
a faster flowing surrounding stream of diluent (sphering
solution in the RBC card). This trailing edge may be
shaped so that the blood is immediately flattened into a
thin ribbon by the diluent flow. The sample/diluent
injector channel may then narrow into an orifice so that
the fluid velocity is increased sufficiently to sweep out
air bubbles that might get trapped as the fluid channel
thins from five layers to one. The sample/diluent
injector 66 may be oriented to place its outlet on top so
that during priming its buoyancy will encourage trapped
air to leave.

The sphering channel 67 may be roughly an upside-
down U shape that has wide vertical legs to provide
residence time for the sphering reaction and has narrow
horizontal legs to minimize cell sedimentation, which
would adversely impact cell count accuracy.

The focusing chamber 68 may be analogous in form and

function to the sample/diluent injector 66. The diluted
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sample is ejected from the trailing edge into the 5-layer
deep body of the focusing chamber 68. The trailing edge
may be shaped so that more of the surrounding sheath
fluid approaches the ejected stream from the sides and
compresses it into a narrow stream. Hydrodynamic
focusing may continue as the sides of the focusing
chamber 68 converge as the optical channel 69 is
approached. As in the sample/diluent injector, the
ceiling and floor of the focusing chamber may switch from
5 layers deep to 1 just before the optical channel so
that the fluid velocity is high enough there to sweep out
bubbles that may become trapped in that region. The
focusing chamber 68 may be oriented so that buoyancy
effects will help remove trapped air during priming.

The optical channel 69 may be as narrow and thin as
possible with the laminate technology and optical sensors
in use. The fluid optical channel 69 height may be set
by the thickness (100 microns) of two-sided tape
comprised of a 50 micron PET carrier film with a layer of
3M-501FL adhesive (25 microns) on each side. The optical
channel 69 width (200 microns) may be set by the
narrowest laser cut than can be produced by a ULS™ laser
machine. If the decision is made to switch from green
filter material to clear for layers 3-5, then the optical
channel 69 width may be increased to 300 microns to
prevent reflections from the channel wall of the optical
sensor illumination. The optical channel 69 length may
be made as short as possible if it is the dominant flow
restriction and if the corresponding pressure rise in the
card adversely impacts system dynamics. Molding
technology may provide other perspectives of fabrication
of optical channel and other analyzer card structures.

The waste tank 70 may be sized to hold the volume of
all fluids injected into the card 60. It may have ribs
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52 to minimize compliance so that it does not operate as
a bellows displacing fluids while the card 60 is manually
handled. Its inlet may be designed so that the entering
fluid does not form drops which introduce temporal
variability in the fluid flows rates, but that it instead
wicks down through an open-sided channel to the bottom of
the tank.

The card may have stiff outer layers to eliminate as
much compliance in the card as possible. Less compliance
means higher fidelity of intermal fluid flow rates to the
external driving fluid flow rates, i.e., higher fidelity
= better control.

Flow rates and timing, and a set-up process may be
noted. One may preload whole blood at 61 as shown in
Figure 14. Then the card 60 may be into a manifold. One
may wet out the sphering channel 67 with sphering
solution as shown in Figure 15. The one may wet out
focusing chamber 68, optical channel 69, and waste tank
70 as shown in Figure 16.

A two-step cycle may begin at t = 0 sec. While
continuously pushing sample with pusher fluid (a) at
1.5ul/min, the sphering loop may be charged with a
sphering agent to port 63 at 450ul/min to obtain correct
dilution of whole blood, duration = 10sec, as shown in
Figure 17. The sheath fluid at port 64 may flow at
450pl/min, and cells may be counted, with a duration =
60sec, as shown in Figure 18. The two-step cycle may be
repeated until sample is exhausted or waste tank 70 is
full.

Volume tolerances may be noted. The components that
store fluids should have specific tolerances. The whole
blood storage loop 65 may have a nominal volume of 16
microliters with a tolerance between 15 and 18

microliters. The dilution channel may have a nominal
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volume of 3 microliters with a tolerance between 2.75 and
3.3 microliters. The waste tank 70 may have a nominal
volume of 3000 microliters and tolerance between 2900 and
3600 microliters.

Channel width tolerances may be noted. The width of
several channels shown in Figure 12 may be critical and
reqguire specific tolerances. The roughness tolerance on
channel walls may be 0.010 mm (0.0004 inch). Various
dimensions may be noted. Optical channel 69 may have a
nominal dimension 71 of 0.2 millimeter with a tolerance
of +/- 0.010 millimeter. The channel focusing chamber 68
may have a nominal dimension 72 of 0.2 millimeter with a
tolerance of +/- 0.010 millimeter. Dimension 73 at the
sphering channel 67 entry may have a nominal dimension of
0.2 millimeter with a tolerance of +/- 0.010 millimeter.
Sample/diluent injector 66 may have a nominal dimension
74 of 0.39 millimeters with a tolerance of +/- 0.015
millimeter. A nominal dimension 75 may be 1.3
millimeters with a tolerance of +/- 0.050 millimeter.

Layer thickness tolerances may be noted. There may
be channel features that have relatively large compliance
and introduce system dynamics problems. These areas
include the sample loop, the focusing chamber, and the
waste tank. Much of this compliance problem may be
rectified by use of thicker material for layers 41 and
47. A table in Figure 20 lists the materials and desired
thickness tolerances of each layer of the card. They may
be based on requirements for fluidic and optic
performance. Some of these listed tolerances may be
tighter than the general layer thickness tolerances
generally utilized for RBC cards. This is because
general thickness tolerances may be larger than those
typically encountered during microfabrication. For

example, some materials, such as PMMA, have a relatively
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large thickness variation from sheet to sheet as
purchased from suppliers. However, the thickness
variation over a particular sheet may generally be much
less. A particular lot of cards made from a particular
sheet should exhibit this reduced variation. The layer
thickness tolerances in the table of Figure 20 may be
regarded as superceding and be used in quality control
procedures.

Surface energy should be uniform throughout the
channels to be wetted. An overall value of between 40
and 60 dynes/cm may be appropriate for a card in general,
but the uniformity of surface energy of a particular card
should be limited to a few dynes/cm. This may be
demonstrated by a bubble-free wetout of the channels in
which the wetting velocity is nearly constant over each
constant channel cross-section. Channel wetting should
not exhibit pauses followed by wetting velocity surges
leaving air bubbles trapped behind the fluid front.

Quality control should include the following metrics
for the fabricated cards. Each card should meet
tolerances on key dimensions of card design. The
thickness of combined layers 43-45 should be 0.008 inch
+/- 0.00023 inch (from the root sum of the squares of the
percent tolerances) for consistent dimensions in optical
channel. Uniform surface properties in channels may be
verified by bubble-free wetout of random sample cards in
each manufacturing lot. The channels of the cards should
be free of dust particles larger than 1 micron, hair, and
the like. The purpose is to avoid channel blockage and
avoid the interference of foreign bodies during cell
counting. There should be sufficient adhesion of
adhesive layers such that pressurization of card channels
of 10 psi gage does not cause leakage of fluid between

card layers.
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There may be several RBC sampling alternatives. One
may have a complete blood count (CBC) card based on a
micro-scale flow cytometer including on-the-fly lysis of
erythrocytes, two-step hydrodynamic focusing, and a
pneumatic fluid driver system. The optic/electronic
sampling frequency used with the cytometer may be
sufficiently fast to accommodate the frequency at which
white blood cells (WBCs) arrive in the measurement
channel. There may be three orders-of-magnitude more red
blood cells (RBCs) than WBCs in the same volume of blood.
Since the whole blood sample flow rate cannot be slowed
enough to reduce the cell arrival frequency to the
current optic/electronic sampling frequency, one of
several alternative RBC sampling strategies may be used.

A faster optic/electronic sampling frequency may be
used. The arrival frequency farrivar 0f cells in the
measurement channel may be the product of the number
density py of the cell (i.e., the number of cells per
volume of sample) and the sample flow rate Qsampie;

farrival = Pn Qsample - (1)

For accurate dispensing of sample, which is crucial
to overall measurement accuracy, the design flow rate for
the sample may be set at Qgampie 2 3 pl/min = 0.05 upl/sec.
The number density of RBCs in normal whole blood may be
Pw = 5,000,000 cells/pl. Thus, the minimum requirement
for sampling frequency may be

Lsampling = farrivax = 5,000,000 - 0.05 = 250,000 Hz.
This is over 83 times faster than a current sampling
frequency of 3,000 Hz. Although the sampling frequency
can be increased, an increase of two orders-of-magnitude
may ordinarily be difficult to achieve. 1In addition,
cell coincidence may be very high unless the VCSEL
illumination length (nominally 20 um) is reduced by two

orders-of-magnitude as well.
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There may be a serial operation which is to sphere
and then count. One strategy to disconnect the minimum
sample flow rate requirement from the maximum sampling
frequency may be to operate in a serial batch mode. 1In
this approach, the sphering solution and blood sample may
be mixed diffusively and directed to a storage tank.
After valves are switched to change the flow path, the
sphered RBC solution may be pumped to the usual injection
port of the focusing chamber. This strategy may |
accommodate serial dilution in which the required
dilution is performed in two or more separate steps.

Valves and an additional flow sensor may add to the
CBC card. Second, RBCs may have a specific gravity of
approximately s.g. = 1.1 and will tend to settle out in a
storage tank. Using the mean cell diameter of RBCg in
normal whole blood ags d = 5.5 um = 0.0055 mm, the
kinematic viscosity of the sphering solution as
v = 1 mm?/sec (i.e., the same as water), and the
acceleration of gravity as g = 9810 mm/sec?, the settling
velocity of RBCs in the sphered RBC solution may be

Vsettling = 2/9 (d / 2 )% ( s.g. -

1) g/ v =20.00165 mm/s or 99 um/min.

If the sphered RBC solution is pumped from the
bottom or the top of the intermediate storage tank, RBC
sedimentation may have the potential to alter the cell
count. The impact may be reduced by minimizing the
stopped flow time Atgtopped between storing the sphered RBC
solution and pumping it on to the measurement channel,
ensuring that the vertical dimension of the tank is
relatively large compared to the sediment height Vsettiling:
the product of the stopped flow time and the
sedimentation velocity, Vsettling = Atstopped Vsettiing, and
pumping the solution from an outlet in the storage tank

that is above Yygettling-
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One may divert most of the sphered RBC to the waste
tank. Instead of using the serial process strategy, a
continuous-flow process may be utilized that separates
the sphered RBC solution into two streams. One stream
would be dumped directly to the waste tank, the second
stream would flow to the measurement channel as usual. A
flow sensor may be needed on the second stream to assure
the correct amount of sample was being measured. As
pointed out in serial process strategy, to match the
current sampling rate, the sampled stream of the sphered
RBC solution would be 1/83%™, or 1.2 percent, of the total
stream. Thus, over 98 percent of the sphered RBC would
be diverted to waste, which appears to be a rather
inefficient use of on-card storage. Control of the
process may be achieved actively by varying the sample
and diluent pumps to attain the correct flow rate for the
sampled stream of the sphered RBC solution or attained
passively by stopping the cell count when an appropriate
volume of solution has been sampled, assuming that a
maximum flow rate is not exceeded.

Another approach may include using a two-stage push
of the sphered RBC solution into the measurement channel.
The first stage (stage 1) may be a co-flow of the whole
blood sample and the sphering solution with flow rates
Qsample @nNd Qgiluent Set to achieve both the minimum sample
flow rate and the correct dilution. The sphered RBC
solution may begin to f£ill the long sphering channel that
leads to the focusing chamber and measurement channel.
But before the solution reaches the focusing chamber and
sampling starts, the second stage may begin by
simultaneously stopping the sample flow and slowing the
diluent flow sufficiently that the desired cell arrival
frequency is achieved. The flow of sphering solution

alone may continue while the RBCs are counted.
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. The sphering channel may be filled with a sufficient
volume of sphered RBC solution during the first stage in
that it will not be exhausted during the slow push during
the second stage (stage 2) while RBC counting is
performed. A table in Figure 21 shows the flow rates of
the sample and sphering solution for various dilution
ratios calculated from equation 1 (farrival = Py Qsample) and
a dilution factor DF. A dilution equation may be

Qaitvent = DF farrivar / Pn
The table of Figure 21 also shows the volume of sphered
RBC solution stored in the sphering channel during the
stage 1, assuming an RBC counting time of 10 seconds,
which should produce 30,000 counts.

In actual practice, stage 1 may proceed for several
gseconds (e.g., 5 seconds), producing 25-250 pul of sphered
RBC solution, depending on dilution factor. Some of this
would be used up at the beginning of stage 2 while the
diluent pump flow rate slows to its design flow rate for
stage 2. At this time, the optics and detector would be
ready to proceed with the count. After the count, the
remainder of the sphered RBC solution may be purged to
waste.

This strategy differs from the serial process of
strategy 2 in that the flow is never stopped, so
sedimentation is reduced, no additional flow sensor is
needed, since the same sensor can be used to measure the
diluent flow rate during both stages, and no on-card
valves are needed to switch channels on and off.

The table of Figure 21 shows the flow rates of the
sample and sphering solution for a two-stage push of
sphered RBC solution, accommodating both minimum sample
flow rate of 3 pl/min and maximum sampling rate of
3,000 Hz. Also, it sghows a minimum volume of sphered RBC

solution needed for a 10 second assay producing
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30,000 counts. The stage 1 flows are shown to be very
high at the higher dilution factors.
Several items in this approach or strategy may
include the following. The flow sensor for the sphering
5 solution may need to accurately measure flow rates that
differ by two orders-of-magnitude between stage 1 and
gstage 2. This may be achievable even though the flow
sensors are nonlinear over this large range, because they
may be calibrated for these conditions. Changing the
10 sphering solution flow rate by two orders-of-magnitude
may be difficult to control due to capacitances in the
fluidiec system. A high sphering solution flow rate
(i.e., over 4 times the typical sheath flow rate) may be
required at the highest dilution factor. To reduce the
15 sphering solution flow rate, a lower dilution factor
(e.g., DF = 100) could be utilized, but this may then
require a correspondingly higher sheath flow to limit
cell coincidence.
There may be a two-stage push of sphered RBC with
20 continuous sample pumping. A variation in the previous
strategy may be to utilize the sample pump to push the
sphered RBC solution during the second stage push,
instead of using the diluent pump. This may simplify the
control dynamics since the sample pump could operate at a
25 constant flow rate during both first and second stages.
The diluent pump would only need to reach and hold one
flow rate during the first stage and then slow and stop
at the beginning of the second stage while the sheath
pump starts up. A graph in Figure 22 illustrates a
30 control scheme or pattern for sample and diluent pumps
during a two-stage push of sphered RBC solution for RBC
sampling. Solution stored during ramp up may be
discarded through the measurement channel during ramp

down before RBC sampling begins. The volume of the
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sphered RBC storage needs to be sufficient for the RBC
sampling period since the following fluid will tend
toward whole blood.

The table in Figure 23 shows a sphering solution
flow rate and cell coincidence for a two-stage push of
sphered RBC solution, assuming a sample flow rate of
3 pl/min, a sheath flow rate of 500 pl/min, and a
sampling rate of 3,000 Hz. Also, the table shows the
minimum volume of sphered RBC solution needed for a
10 second assay producing 30,000 counts. The stage 1
flows appear very high at the higher dilution factors.
The table shows an impact of dilution ratio on the
required diluent flow rate and the resulting cell
coincidence.

Several points may be noted. Since it might not
have the desired dilution, the sphered RBC solution
stored during the ramp up period may be discarded through
the measurement channel during the ramp down period
before RBC sampling began. This may be facilitated by
ensuring that equal volumes of fluid are moved by the
diluent pump during the ramp up and ramp down periods.

The volume of sphered RBC solution accumulated in
the channel between the sample injector and the focusing
chamber (sphered RBC storage)‘needs to be sufficient to
supply the entire RBC sampling period since the following
fluid in the channel may become less and less dilute and
tend toward whole blood.

The diluent flow rates appear high and may result in
significant back pressure to the pump because of the
restriction of the narrow diffusive-mixing channel
downstream of the sample injector. This restriction may
be significantly reduced by redesign of its geometry by
shortening the length over which it is narrow and

retaining its thinness in the z-direction. One may note
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that during stage 1 there would be no pressure loss
through the measurement channel, since no fluid would
have yet reached it.

Diluent flow rates could be reduced proportionately
with the sample flow rate. For example, the rates could
be halved if the sample flow rate was reduced to
1.5 pl/min.

The sheath flow rate may be increased from 400 to
500 pl/min without significantly increasing back pressure
at the pump during the RBC sampling period in stage 2
because the diluent pump is off during that time.

There may be a high back pressure due to the
combined diluent and sheath flow through the measurement
channel during the ramp down period (as the sheath pump
starts up) that may be destabilizing to the dynamic
system. The sheath flow rate can be ramped up during the
diluent's ramp down period so that the sum of the sheath
and diluent flow rates is nearly constant over the ramp
down and RBC sampling periods.

There may be a two-stage push of sphered RBC with
continuous sample pumping with equal flow rates of
diluent and sheath. If one considers the possibility
that the sheath solution may be the same as the sphering
solution, it becomes possible to use the same pump to
deliver both, sequentially, using valving to switch
between pushing diluent and pushing sheath. Figure 24
illustrates this case when one valve is opened, after the
sphered RBC solution has been stored, to allow flow into
the focusing chamber, then a second valve is closed that
stops flow into the sphered RBC storage channel.

Figure 24 shows a control scheme for sample and
diluent pumps during two-stage push of sphered RBC
solution for RBC sampling. The diluent pump is also used

to push diluent used as sheath fluid. On-card valves
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switch the flow between channels. A solution stored
during ramp up would be discarded through the measurement
channel during ramp down before RBC sampling begins. The
volume of the sphered RBC storage needs be sufficient for
the RBC sampling period since the following fluid will
tend toward whole blood.

A table in Figure 25 shows the tradeoffs between
diluent and sample flow rates, sampling time for the
required number of counts, and the volume of storage
needed for sphered RBC solution. In the cases shown, the
resulting core should be 9 by 9 microns or, if
manipulated by the geometry of the focusing chamber,

25 by 3 micronsg, i.e., very thin in the z-direction.

The table of Figure 25 shows the sphering solution
flow rate and cell coincidence for a two-stage push of
sphered RBC solution, assuming a sampling rate of
3,000 Hz. One may note that the amount of sphered RBC
golution required during sampling is typically less than
1.5 pl for these operating conditions.

The strategy 5, the two-stage push of sphered RBC
solution with constant sample flow rate, appears
appealing, since it does not require addition pumps,
valves, or flow sensors, and yet meets the requirements
of whole blood sample flow rate Qgampie 2 3 Hl/min and
counting frequency fgampling < 3,000 Hz. Potential
challenges include maintaining dynamic control of the
system with the large diluent flow rates utilized in the
stage 1 push.

Strategy 6, which is a variant of strategy 5, allows
the same pump (and flow sensor) to sequentially push
sphering solution, first as diluent, then later as sheath
fluid using valving to make the switch between flow
channels. One may suggest moving forward with one of the

operating conditions listed in table of Figure 25.
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An approach here may include determining if flow
control can be maintained by the sphering solution pump
when valves are operated to switch between using the flow
to create sphered RBC solution and using it as sheath
fluid. Then there may be determining how quickly the
flow from the diluent pump can be ramped down from 100
percent to 50 percent of its maximum flow rate. This
time may be compared to the time required to ramp up the
flow rate from the sheath pump from 0 percent to 100
percent of its maximum value. The diffusive mixing
channel downstream of the sample injector may be
redesigned to reduce pressure loss in this fluid path.
The platelet sampling process may be analyzed to
determine how it could fit within the strategy 6 and
whether platelet coincidence would be manageable.

A purpose of the sphering channel on an RBC
cytometry card may be the exposure of red blood cells in
a thin ribbon of whole blood to a sphering agent with
sufficient residence time so that the sphering process is
complete. The thin ribbon shape may be desirable because
it permits the sphering agent to rapidly diffuse to
erythrocytes and initiate their sphering. However, as
goon asgs whole blood is diluted, its erythrocytes are not
necessarily held longer in position by plasma proteins
and begin to settle. The sphering channel may be
designed to minimize sedimentation of erythrocytes, a
significant source of cell count error.

The sphering channel may be one of the fluidic
channels of the RBC cytometry card. An RBC card is shown
in Figure 19. The sphering channel 67 is the curvy
section between the dimensions 73 and 72. Figure 26 is a
parametric sketch of the sphering channel 67. A thin
ribbon 112 of whole blood surrounded by sphering solution

111 (Figure 27) may enter the inlet on the lower left 1t
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73 and flows to the outlet in the focusing chamber at 72.
The view in Figure 27 is looking downstream into the
sphering channel. The cells are assumed to form a thin
ribbon 112 at the center occupying 4.8 percent of the
cross-section. Figure 26 of the sphering channel shows
parameter values which may be rl = 2.5, m = 0.2, n = 0.4,
and w = 1.3, all in millimeters.

The residence time of the erythrocytes (cells) in
the sphering channel need to be long enough for the
sphering agent to completely sphere them. But since the
cells are denser (due to their iron content (hemoglobin))
than the surrounding agqueous solution, the cells may be
settling every moment, so residence time should be kept
to the minimum as necessary. In a horizontal channel,
there is by its nature very little distance to the wall
where cell sedimentation can occur. Cells that arrive in
near-wall regions where the flow velocity is low are
likely to form a sediment and are unlikely to become re-
entrained in the flow. In a vertical channel, cell
settling may reduce cell number density in a rising flow
and increases number density in a falling flow. In
laminar flow around a corner, the higher velocity is near
the inner radius. The outer radius flow tends to be much
slower. These considerations lead to the following
items. Horizontal channels may be made narrow to
increase the local flow velocity and reduce cell
residence time there. The vertical channels may be made
wide to slow the flow and provide most of the cell
residence time in the sphering channel. It may be
ensured that the vertical channels are ascending and
descending channels of equal length to minimize variation
in cell number density. One should smoothly narrow the
channel around corners so that regions of slow flow where

cellg might collect are avoided.
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Initial conditions may include the following items.
At the beginning of the simulation, the sphering channel
may be filled with pure sphering solution. There should
be no cells present and the fluid flow velocity should be
zero. In reality, the sphering channel may initially be
filled with air, so there may be an approach for wetting
the channel.

Boundary conditions at the inlet of the sphering
channel may implement a load-dispense cycle of the
sphering channel. The input flow rate may vary over time
and the cell number density may vary spatially over the
input flow cross-section. The concentration profile of
cells may include a thin ribbon of cells are located at
the center of the channel 67 inlet. The blood flow may
be constant at 1.5 pl/min. It may be assumed that the
sphering solution flow rate ramps up from zero to
450 pl/min during the first second, ramps back down to
zero from 9.5 to 10 seconds, and then remains at zero for
awhile. 1In essence, whole blood, initially sheathed by
sphering solution, may enter the sphering channel 67 at
its inlet and proceed to the focusing chamber. The
outlet of the sphering channel may be maintained at zero
pressure (relative to atmospheric pressure).

The momentum transfer between blood and sphering
solution may assume a Wallis (1969) model (initially
developed to model a buoyant bubble in a water column)
with bubble (cell) diameter of 5.5 pm. The density of
the sphering solution may be p = 0.001 gm/1 and the
dynamic viscosity is 0.001 Pa s. The specific gravity of
the cells may be assumed as 1.11 and the specific
viscosity as 5.5. The acceleration of gravity is
regarded as 9810 mm/sec.

A model of the sphering channel may be developed

using a numerical multiphysics approach. The
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computational approach may include modeling of fluid
motion by conservation of mass and momentum. A
computational mesh of finite volumes may be employed to
model the essential features of the device geometry. The
numerical approach employed may be a Two-Fluid method
that models the motion of two fluids--blood cells and
sphering solution--and the transfer of momentum between
them. It may solve separate mass and momentum
conservation equations for each fluid, which allows
inclusion of the interactions between the body force on
cells due to gravity and the interphase drag force.
These equations are related by a volume fraction, Alpha,
which is taken as the volume fraction of blood cells in
each finite volume.

Calculation of the motion of each of the fluids as
they proceed through the sphering channel may be
accomplished by independent application of momentum
conservation for each fluid. The Navier-Stokes equation
may be used for an incompressible Newtonian fluid, which
is a consequence of the application of Newton’s second

law to the fluid in the system. It is

dpau
ot

which is a general equation that may be used for complex

+u-ypoutayP —payiu—-F=0

three-dimensional flow fields with a vector velocity

u = (up,upu3), the volume fraction of blood cells o, the
pressure gradient AP, the fluid density p, the £fluid
viscosity p, and a body force F that includes gravity
force and interphase drag force. The equation may be
solved independently to model each of the two fluids,
which may then be related by an interphase momentum
transfer relation in terms of the drag force between the
cells and the sphering solution. A constant viscosity

may be assumed for the blood cell phase, when in reality

31



WO 2007/005973 PCT/US2006/026211

10

15

20

25

30

the viscosity may decrease as the sphering solution
diffuses in and dilutes the blood sample stream.

Pushback of a sample in to the sample loop may be
common in cytometer cards. Pushback may be caused by a
sudden increase in pressure in the sample/diluent
injector due a sudden starting of the diluent and/or
sheath flow. the increase in pressure may cause reverse
flow into any upstream compliance in the card structure
or the fluid. Because the gample rate is so small, it
may take many seconds for the sample to return to the
injector, eveh though the pushback volume is less than a
microliter.

In the RBC card, the sample pushback may be in
response to the starting point of the diluent flow. Flow
sensors located between the card and the syringe pumps
have not yet shown any obvious reverse flow, so the
compliance may be suspected to be in the sample loop.
Since the card may be non-compliant or physically stiff,
the sample fluid is suspect.

A sample fluid may be loaded into three cards, which
are inspected for bubbles, a very likely source of
compliance. Two cards may have designs 81 and 82 as
illustrated in Figure 28. These cards may have a
variation in which the channel ends are expanded to be
larger than the via between them. The cards may be
loaded or filled manually at roughly two different flow
rates. One rate may be fast, i.e., about 5 ul/sec. The
other rate may be slow, i.e., about 0.2 ul/sec. In
designs 81 and 82, approximately 25 micron diameter
bubbles 128 may appear occasionally along the walls of
the channel. Also, in designs 81 and 82, a large bubble
129 may occur in the wide entry channel located behind
the via. A design 83 has channel ends that are the same

gize as the via between them. No bubbles should occur in
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design 83. With the fast £ill, the proportion of vias
containing air bubbles may be about 30 percent for design
83 and about 100 percent for designs 81 and 83. With a
slow £ill, the proportion of vias containing air bubbles
may be about 0 percent for design 83 and about 50 percent
for designs 81 and 82.

The tiny bubbles along the walls may be caused by
wall roughness (not wall waviness), which could trap air
during a filling. The walls of design 83 appeared
smoother than the walls of designs 81 and 82 and thus
exhibited fewer bubbles. Slow filling may minimize these
bubbles.

Vias should be the same size as the channel ends.
Small vias relative to the channel ends) correlate with
bubble formation. The channel ends should not be bulbed
out. The walls should be straight. Either the via
diameters may be increased to match the channel ends, or
the channel ends should be decreased to match the vias.
The largest bubble generally appears at the end of the
input channel. Such channel should be altered as shown
in design 83 of Figure 28 to eliminate the bubble trap.

Figures 29-34 show examples of components for
particle settling solutions on RBC analysis cartridges.
Such components may or may not be a part of or a
replacement for sphering channel 21 of Figure 1b,
sphering channel 51 of Figures 4, 8 and 9, and sphering
channel 67 of Figures 13-19. The components of Figures
29-34 have configurations that exhibit anti-settling or
anti-accumulation properties for hindering particle
setting, such as that of red blood cells. These
components may be sphering channels.

In Figure 29, an RBC sample 85 may flow into device
or channel 91. The flow may eventually flow upward

approximately parallel but against the force 86 of
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gravity. As the flow approaches the top of the channel
91 it may go through a u-turn or curved portion 87 of
channel 91 and return downward toward the exit of channel
91. The internal cross-section of channel 91 may become
smaller or more constrained in the u-turn or curved
portion 87. This, in conjunction with the gravity, may
reduce or prevent an accumulation and non-movement of red
cells to prevent settling of the red cells in the
channel. The u-turn portion may be about 180 degrees, or
may be regarded as being about between 90 and 270
degrees.

Figure 30 shows a snake-like channel 92. The RBC
sample flow may enter at the lower portion and turn up
and go to the opposite direction at u-turn or curve 87
and move in a horizontal direction and turn again at
curve 87 to move in the opposite direction. In the
example channel 92, the flow may encounter four u-turns
87. There may be more or less turns or curves 87. The
u-turns may typically be about 180 degrees, or may be
regarded as being about between 90 and 270 degrees. The
channel 92 may be positioned such that the upward
movement of flow 85 is in the opposite direction of the
gravity force 86. Channel 92 may reduce or prevent
accumulation or collection of sediment or cells.

Figure 31 shows another anti-settling or anti-
sédiment accumulating device 93. The RBC flow 85 may
enter channel 93 in a horizontal direction. Channel 93
may split into two or more sub-channels 88. A bottom
sub-channel may curve up and combine with the other sub-
channel into a full channel. A top sub-channel may curve
down and combine with the bottom sub-channel into the
full channel. The overall direction of the flow 85 may
be perpendicular to the direction of the gravity force

86. This configuration may be repeated in series.
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Figure 32 shows a more or less straight channel 94
for an anti-settling or anti-sediment accumulating
device. Also, the channel 94 might not be straight. An
RBC sample flow 85 may enter and flow through the channel
94. Channel 94 may have a special inside surface which
may be hydrophilic or hydrophobic. For instance, the
surface may be hydrophilic to a fluid carrying the RBCs.
Such fluid may be a diluent, sphering agent, lysing
agent, sheathing agent, water, or the like. A
hydrophilic surface may reduce the probability of blood
cells or air bubbleg attaching to the surface. Attached
blood cells cannot be counted; attached bubbles can
increase the compliance of the system and degrade the
active control of fluid motion. However, many plastic
materials that perform well in the plastic injection
molding process are hydrophobic. In this case a
pretreatment with, for example, a protein solution may
cover the initially hydrophobic surface with bound
proteins and thus create a hydrophilic surface.

Figure 33 shows a more or less straight channel 95
for an anti-settling or anti-sediment device. The
channel might not be straight. An RBC sample flow 85 may
enter and flow through the channel 94. Channel 94 may
have an electro-wettable inside surface 97 where the
surface energy changes with an applied potential. An
electric potential or voltage source may be connected to
the inside surface 97 near the entry 98 and of the
channel 95 with a ground of the source connected to the
surface 97 near the exit 99 end of the channel 95. An
electric or voltage potential may be in the same manner
but reversely in polarity to the surface 97 or in either
polarity to certain portions of the surface 97.

Figure 34 shows a channel 96 designed for anti-

settling of particles or anti-sediment accumulation.
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Channel 96 may be a straight or non-straight channel. An
electric and/or magnetic field 101 may be applied through
channel 96 approximately perpendicular to the sample flow
85 to effect anti-settling or anti-accumulation
properties in the channel relative to at least red blood
cells having iron.

Since whole blood is a viscoelastic material, it can
exhibit a clumping behavior as it is injected as a sample
107 into the lysing or sphering solution 108. One method
to minimize this clumping behavior is shown in the T-
junction configuration 110 of Figure 35, in which channel
widths 105 and 106 of channels 111 112, respectively, may
be selected in conjunction with the sample 107 and
reagent 108 flow rates to produce a shear of 1000 per
gsecond at the wall in the main channel 111 at the
junction. This shear force overwhelms the viscoelastic
restoring forces of the whole blood and minimizes the
clumping behavior. Channel 112 may operate as an
injector. The reagent 108 combined with sample 107 may
flow downstream in the main channel 111 to the next stage
of the microfluid network of the cartridge. The next
stage may be a sphering channel or mechanism 115 which
may be one of the versions described herein and
illustrated in Figures 29-34, or mechanism 115 may be
another version. Figure 36 shows the shearing mechanism
or configuration 110 in conjunction with the sphering
mechanism 115 having a sphered sample output 116.

In the present specification, some of the matter may
be of a hypothetical or prophetic nature although stated
in another manner or tence.

Although the invention has been described with
respect to at least one illustrative example, many
variations and modifications will become apparent to

those skilled in the art upon reading the present
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specification. It is therefore the intention that the

appended claims be interpreted as broadly as possible in

view of the prior art to include all such variations and

modifications.
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What is claimed is:

1. A fluidic analyzer system comprising:

a microfluidic circuit for providing a blood count
of a sample; and

a first structure connected to the microfluidic
circuit for reducing sediment settling of the
sample; and

wherein:

the first structure is for sphering cells; and

the fluid analyzer system is a hematology analyzer.

2. The system of claim 1, further comprising a second
structure connected to the microfluidic circuit for

reducing clumping of the sample.

3. The system of claim 2, wherein the second structure
is for applying a shearing effect on the sample to nearly

eliminate clumpiﬂg of the sample.

4. The system of claim 1, wherein the microfluidic
circuit comprises:
a first channel connected through a via to second
channel in the microfluidic circuit; and
wherein the first and second channels have ends
connected to the via that are about the same
size as the via to reduce a presence of

bubbles.

5. The system of claim 1, wherein the first structure
comprises:
a channel having a continuous path that is

approximately straight for a first distance,
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curved about between 90 and 270 degrees for a
second distance and approximately straight for
a third distance; and

wherein:

the channel is situated in a field of force.

6. The system of claim 1, wherein the first structure
comprises:
a channel; and
wherein the channel comprises:
a first segment;
a second segment connected to the first
segment;
a third segment connected to the first segment;
and
a fourth segment connected to the second and
third segments;
the second segment sequentially curves in a first
direction and a second direction way;
the third segment sequentially curves the second
direction and the first direction;
the channel is situated in a field of force; and
the channel has an elongated dimension approximately
perpendicular to a direction of the field of

force.

7. The system of claim 1, wherein the first structure
compriges:
a channel; and
wherein the channel comprises:
an inside surface; and

wherein the inside surface is hydrophilic.
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8. The system of claim 1, wherein the first structure
comprises:
a dhannel; and
wherein the channel comprises:
an inside surface; and
wherein the inside surface is an electro-

wetable surface.

9. The system of claim 1, wherein the first structure
comprises:
a channel; and
wherein:
the channel comprises a first end and a second end;
the channel is subject to an electric or magnetic
field; and
the channel has an elongated dimension approximately
perpendicular to the electric or magnetic

field.

10. A hematology analyzer comprising:

a fluidic circuit for providing a blood count; and

wherein:

the blood count comprises a red blood count, a
plateletjcount, mean cell volume determination
of RBCs, multi-part differential counts of
white blood cells (WBCs), and/or hemoglobin
absorbence-based measurements; and

the fluidic circuit comprises:
a shearing mechanism; and
a sphering mechanism connected to the shearing

mechanism.
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