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Spatial separatinn of partiches in g particle ctntaining salution Tor blemedingl
sensing and detection

Field of the Invention

The invention is generally related to a device and method for partitioning
particles fromn a particle-containing fluid to obialn a substantially particle-free fiuid
for biomedical tesiing. More specifically, the Invention is related to 3 device and
method for measuring analyies in body fhuids, for example, plasma or serum, more
specifically, analyies in whole blood. In particular, the device and method are
directed to arresting flow of whole blood in 8 microchanne! of a microfhuidic device
and detecting analytes in the body fluid, such as whole blood, using acoustic
partitioning of red blood cells from plasma in the whole blood at a detection region
in the microchannel, and detecting the analvie In the detection region by an analyte
detector, for example, an optical detector. More specifically, the method and device
is useful for monitoring hemolysis in whole blood using acoustic partitioning of ved
blaad cells at the detection reglon in combination with detection of free hemoglobin
in the detection region while the whole blood i the microchannel is flowing or

arrested.

Backeround of the lnvention

Systerns for anslysis of analyies in whole blood typically require collection
of the fluid portion of whole blood, e, plasma, in g chamber, from the cellular
portion of whole blood, principally red blood cells, Typically, before analysis,
wlasma is collected from the whole blood sample by centrifugation or fliering of
whotle blood 1o separaie the celiular portion and collect the fluid, Le, plasma portion
which is then infroduced into an analyzer for detection of the analyie of interest.
The separation of particles or cells from complex {luld mintures is an essential tool
in not only In clinical diagnostics relevant to healtheare, but also in many areas of

Bictogical research and medicine,

Microfluidics, a technology in which microchannels are in the diameter
range of 10 nanometers to less than 1.5 mitlimeters, offer great potential for many
high performance cell-sorting applications described in the art. Microfluidics allow

precise manipulation of the separstion forces that govern movement of cells, A
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number of different forcs fields have been successivlly utilized within
microchannels o sort cells including hydrodynaisic focusing, magnstic
separation/sorting and acoustophoretic cell separation/sorting devices, such as

surface acoustic waves and uitrasonics.

5 Notwithstanding the cell separation techniques in the prior art, an unmet
challenge in clinical medicine is the development of a device and methods in point-
of-care applications for the high throughput and rapid measurement of analytes in
body fheids such as whole blood without the need for filtering or centrifuging whole
blood to collect plasma from the cellular portion, and then introducing the collected

10 plasma into an analyzer for analysis of collected plasms for the analyies of inferest.
The additional time, hardware, human operation procedures necessary {o filter and
centrifuge whole blood to collect plasma for analvsis markedly reduces throughput,

and increases the risk of device matfunction and lusmnan error,

An additional unmet challenge in clinical diagnostics, is the development of
15 arapid test to deisct the presence of hemolysis in a whole blood sample 10 ensure
that the measurement of a target analyte is not skewed by the release ot analyies
from damaged red blood cells (RBCs). Hemolysis may be detected by the
measurement of hemoglobin, a protein normally located only within red blood cells
hut is releasad when red blood cells are damaged. Detecting free hemoglobinfn a
30 biood sample, Le., hemolysis, indicaies whether or not the analyte concentration in a

biood sample is skewed by the refease of analyies from damaged red blood cells,

For example, in whole blood, potassium levels are usually about 4.0 mM,
while potassium concentration within red blood cells is usually about 130 mM. In
the course of collecting and handling whols blood from a patient, some cells, red

25 blood cells in particalar, may be physically daraged causing rupture of the red
blood cells, When hemolysis ooours in a whole blood sample, the contents of the
red blood cells are released and infermixed with the contents of the cell-free portion
of whole blood, t.e., plasma, or in some cases, seram. Hemoglobin, g constituent of
whole blood normally found within red blood cells, and other intracellular elements,

30 e.g., potassium, are released from the intracetiular compartment of damaged red

bicod cells inlo the fluid portion of blood, fe., plasma or serum.

e
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Beeause the concentration of polassiom within red blood cells 15 25-75 times
higher than the concentration of potassivm in normal plasma, measuring potassium
in the fluid portion of a patient’s hemolyzed blood sample will induce an artifact,
such as an elevation of the patient's actual plasma potassivm level. The potassium
concentration in the fluid portion of non-hemolyzed blood is an important indicator
of rumerous conditions. An over-esiimate of the conceniration of potassium in
hemolyzed blood may result in freatment of the patisnt for hyperkalemia (fuoreased
blood polassium) when the patient may actually have low or normal concentration of
potassium in the patient's non-hemolyzed blood sample. Unfortunately, only a
relatively small number of ruptured red blood cells can result in an artificially

elevated blood potassium level

i addition o elevated plasma potassivr, when a blood sample is
hemolyzed, other analyies such as lactate dehivdrogenase, acid phosphatase,
aspariate aminotransforase, and alanine aminotransferase, for example, are also
present in higher concentration in red blood cells than in the fhid portion of blood,
and these analytes may be artificially slevated in bemolyzed blood. Currently,

hemolysis agcounts for about 3.3%% of invalid clinical laboratory testing.
B

Current methods for detecting analytes such as hemoglobin in a whole blood
sample {0 detect hemolysis include centrifinging the whole blood sample to remove
cells and collect plasma, with the volume of tens of milliliters of whole bleod ina
closed tube configuration, or filtering the whole blood sample t© remove red blood
celis, and collect plasma, then fransferring the collected plasma 1o 3 detector
apparatus, an optical detector, for example, 1o apply methods to analyze the
coliected plasma for the target analyte of interest. For example, for the detection of
hemolysis, the blood sample is centrifuged to collect plasma, plasma is transferred to
an optical detector apparatus, and methods, e.g. Roche Index Factor, are used {o

determine the presence of free exira-cetinlar hemogiobin in the plasma portion,
Notably, no current methods exist that operate on whole or noo-tiltered or
non-centrifuged biood (o determine hemolysis.
Acoustic waves generated by various mechanisms, including ultrasound

waves, surface acoustic waves, and bulk acoustic waves, are currently used to

Ll
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manipulate particles suspended in complex liguid mediums, such as whole blood, to
concentrate and collect the particles, such as red blood cells, white blood cells, and
platelets, while the complex Hguid ruedium is flowing continuousty ina
micrachannel, Each of the particle-concenirated portions and/or or the pasticle-free

ot particle-diluted portions of the complex Hguid roedium are collected separately.

For example, a9 shown in Figure 1, the use of ultrasonic standing wave
across the lateral direction of the microchanne! to separate particles from a whole
biood sarnple has been described, An acoustic standing wave of a half wavelength is
mairtained within the microchanne! as the particles are moving through the field,
causing the particles o rmigrate to the pressure node at the center of the
microchannel, A particle-diluted/free portion of the sample continues to flow and is
collected through the outlets on the vwo sides of the microchannel, while the
particle-concentrated portion of the sample is collected through the outlel along the

center of the microchannel.

Alternatively, as shown in Figure 2, ultrasonic standing wave applied along
the vertical direction of & microchanne] to separate red bloed cells from flowing
whole blood has been described, The RBCs in the flowing whole blood are driven
to the upper portion of the fluid in the microchannel, while the plasma continues to
flow to the bottom portion of the microchannel. By placing two outlet ports in the
top and botlorn sides of the flow device respectively, the plasroa or RBCs are each

collected separately {rom the apparatus,

Summary of the Invention

One obiective of the present invention is to provide a system: and methoed for
analyzing analytes in a complex particulate bearing fluid such as whole blood in
which partitioning of the particulate material, such as red blood cells, from the fluid,
such as plasma, ccours in the same system g5 detection of analytes in the complex
particulate bearing fluid. In other words partitioning of blood cells from plasma in
whole hlood occurs in the same device of the system, such as a microchannel, in
which analyies in the partitioned flowing or arrested plasma are detecied by a

datoctor,
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in one aspect, the invention disclosed herein is directed 10 g systern for
analyzing analytes in a complex particulate bearing flnid. The complex particulate
bearing fluid comprises a fluid portion and g particulste portion, £.2., whole blood
having plasma and red blood cells, respectively, The systom comprises a
microchannel capable of housing a column of the complex particulate fuid, The
microchanne] has af least one analvie detection region and an acoustic transducer
region. An acoustic transducer in the acoustic ransducer region generates acoustic
waves and i aligned with the at least one analyte detection region in the
microchannel. Acoustic waves generated by the acoustic transducer partition the
particulate portion from the fluid portion of the column of complex particulate fluid
in the microchannel. An analyte detector is Incated in the analyte detection region of
the microchannel for measaring g target analyte of interest in the fluid portion of the

complex particulate fuid,

In one embodiment, the system acoording to the invention includes a fluid
fiow arrestor for arresting flow of the complex fiuid at the analyie detection region
and/or a fluid collector for collecting pariiculate fres fluid or reconstituted complex
particulate fluid afier analysis of the target analyte. The particulate free fluid or the
reconstituted complex particulate fluld collector comprises, for example, a

microchannel, g pocket, a dilatation, s chamber, or a cavity.

The acoustic waves are selected from the group consisting but not Hmited to
vltrasonic standing waves, surface acoustic wave, bulk acoustic wave, and acoustic

waves with frequency preforably in the range of 2kHz 1o 2GHz.

The systemn aceording to the invention may comprise one or more than one
acoustic transducers, such as two, three, 4-6 or more, and one or a phurality of
analyte detectors, such as two, three, 46 or more, and one or more thao one
analyied detecior, such as two, three, 4-6 or more analyie detector. Typically, but
not always, there are as many acoustic regions in the microchannel as there are
acoustic transducers. Typloally, but not always, there are a5 many detector regions in

the microchanne! as there are detectors.,

o another aspect, the invention is a method {or analyzing an analyie in

whaole blood, A sample of whole blood is introduced into a microchannel of an

.25
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analvtical system according o the invention described herefn, An acoustic
transducer applies acoustic forees o the whole blood sample at an acoustic region of
the microchannel, The acoustic forces partition the blood cells from the plasma of
the blood. A detector is applied to the plasma in a detection region of said
microchannel to analyze at least one analyte In the whole bleod sample at the

detection region.

in an embodiment of the method, the flow of plasma is arrested at the
detection region by a flow arvestor and the detector detects the target analyte while
the plasma flow is arrested at the detection region.  Alternatively, the flow of whole
Hood and plasma is not arrested and the detector detects the analyte of interest while

plasma is flowing through the detection region.

An additions! feature of the method of fnvention rmay nchude collection of
plasma or coliection of reconstituted whole biood in a collectior such as a
microchannel, a pockst, a dilatation, a chamber, or a cavity downstresm from the
acoustic force. Reconstituted whole blood is formed by releasing the acoustic forces
applied by the acoustic transducer on the fiuid in the microchanne! {0 enable the red
biood cells that were partitioned from plasma o remix with the plasmas to
reconstituie whole blood. The reconstituted whole blood muay be used for additional

clinical analyses.

These and other objects, features and advantages of the present fnvention
disclosed herein, as well as the invention itself, will be more fully understood from
the following description of preforred embodiments and claims, when read fogether
with the accompanying deawings. The drawings are not necessarily to scale,
emphasis instead being placed upon illustrating the privciples of the Invention,
Furthermore, it is to be understood that the features of the various embodiment
described hereln are not mutually exclusive and can exist in various combinations

and permutations.

The drawings are not necessarily o scale, ernphasis instead generally being

piaced upon illustrating the principles of the invention.
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Brief description of the Figures

FIG. 1A schematically tHustrates a prior art device and acoustic
configuration for separating particles in a whole blood sample by the use of

ultrasonic standing waves applied perpendicular to the long axis of g channel;

FiG. 18 schematically ilhustrates a cross-sectional view at 18-18 of the

acoustic foree of the system illustrated in Figure 1A;

FIG, 2 Hlustrates another prior art device for separating particles in a whole
biood sample by the use of ulirasonic standing waves applied along the vertical

direction of a channel;

FiG. 34 schematically iflustrates one embodiment of an acoustic
configuration of a system according to the invention for detecting an analyte in a
particle coniaining fluid in a channel by an integrated detector while the particles are

partitioned from the fluid towards the wall of the microchannel;

FIG. 3B schematically Hlustrates a croas-sectional view at 3B-3B of the
acoustic foree of the system Hustrated in FIG. 3A applied to a column of blood for

pariitioning the red blood cells from the plasma;

FIG. 30 is a graph ploiting molecular extinetion coefficients versus
wavelength for oxvhemoglobin, methemoglobin, (Deoxyimonoxyhemoglobin,

carboxvhemoglobin, and methemoglobin cyanidy

FiG. 44 schematically iustrates another embodiment of an acoustic
configuration of the system according to the invention for detecting an analyte ina
particte containing fluid in a channel by gn integrated detector while the parlicles are

partitioned from the fluid towards the center of the microchannel;

FIG, 48 schematically ilhustrates a cross-sectional view at 4B-48 of the
acoustic foree of the system llustrated in FIG. 4A applied to a column of blood. The
rad blood cells are partitioned from the plasma for detecting an analyle in the

partitioned flnid;

FIG. 5A schematically iHlustrates another embodiment of an acoustic

configuration of the system according to the invention for detecting an analyte in a
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particle containing fluid in a chauvnel by g detector. The detector is jutegrated with an
acoustic transducer at a detection region while the particies are partitioned from the

fiuid;

FIG. 5B schematically illustrates a cross-sectional view at Sb-3h of the
acoustic force of the system illustrated in FIG. 534 applied io a colunmm of blood.
The red blood cells are pariitionsd from the plasma and an analyte may be detected
in the partitioned fluid; one pertod of the applied standing wave introduced into the

microchanne} forms two pressure nodes moving the particles 1o the pressure nodes;

FIG. 6 schematically iliustrates another embodiment of an acoustic
configuraiion of the gystem according to the invention for detecting snanalyie in a
particle containing flaid in g channel by a detector located at a detector vegion of the
channel and an acoustic transducer located at a first acoustic vegion in the channel

and gnother acoustic transducer located at 8 second acoustic region in the chanvel;

FIG. 7 schematically illustrates another embodiment of an acoustic
configuration of the systers according to the invention for detecting an analyte in a
particle containing fluid in g channel by a detector located at & first detector region

that is downstream from a first and a second acoustic transducer region;

FIG, 8A schematically iHustrates another embodiment of an acoustic
configuration of the system according to the invention for detecting ananalyig ina
particle containing fluid in 8 channe! by g detector loeated at a detector region and
a1 acoustic transducer in which the acoustic force is introduced along g vertical
direction in conirast to the systems of Figures 1-7 in which the transducer force is

applied in a hortzontal or transverse direction relative to the flow of fluid,

FIG, 8B schematically illustrates a cross-sectional view at 8b-8b of the
acoustic force of the system lustrated in FIG, 8A applied (o a column of blood for

partitioning red blood celis from the plasma;

FIG. § schematically iHustrates another embodiment of an acoustic
configuration of the sysiem according to the invention for detecting an analyte ina
particke containing fluid In a channel by a detector located at a detector region, a

transducer In & transducer region, and at least one port for harvesting red blood cells,
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Description of the Invention

The invention described below is divected 1o a system and g methad for
detecting and measuring analytes in whole blood by integrating a microfluidic
devige, acoustic ransducers and g detection apparatus for a wide range of neads for
analyzing analytes in a complex fluld, such as whole blood and other fluids, that
include particles in the size range of a fow nanometers to hendreds of microns,
Target anslytes include but are not Tyuited 1o ghicose, lactate, sodiurm, potassium,

chloride, hemoglobin, troponin I, cholesterol, and coagulation factors.

The invention disclosed herein has at least the following advantages over
existing systems for detecting and measuring analytes in whole blood including but
not lmited to, free hemoglobin, Hemoglobin may be used as an indicator of
hemolysis in the blood sample undergoing analysis.

s aone siep, single intograted device for enhanced particulate
a continuous acoustic fores in a localized area of the fhuid while flow
is arrested, or alternatively, while fluid is flowing and measuring an
analyte by a defector in the fluid from which the particles are
partitioned from the grrested or flowing fluid;

® one step partitioning of particelates and fluld in a flowing or arrested
sample, t.e., single siage partitioning of particles, e.g., cells, and no
need for multi-stage separation that is used for “separation while
flowing™

¢ climination of a separate device, for example, & centrifuge or filters to
coliect plasma for analytical measurement, or a separate analyte
detection devics into which the coliecied plasma is analyzed;

e reversibility of partitioned particles, e.g., red blood cells (RBUs), to
reconstitute whole blood thereby maintaining blood ntegrity, e.g.
hematoorit, blood constituents, RBC integrity, after application of
acoustic forces and after analyte analy«is;

s reusability of the whole blood sample (because of particulate

partitioned reversibility} withowt the need for additional remixing of

4
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plasma and RBCs for other whole hiood measurements, e.g., whole
Mood viscosity;

» small sample volume required for gnalysis in a range of 1 microliter
1o 10 milliliters;

s simplicity of manufacture and operation of acoustics, fluidics, and
deteciors, .g., optical detectors in the microfluidic device according
to the invention,

A stgnificant advantage of the Invention disclosed herein is 3 device and
method for the partitioning of plasma from a whole blood sample, analyte detection
in the sample in one siep: no need to collect plasma first and then perform analysis
on collected plasma. In a microchannel, plasma is reversibly separated and nor
collected from the cellufar content of whole blond. The separated plasma is
analyzed in sn integrated detector without s collecting step or a step requiring
cotlected plasma analysis in a separate independent clinical analyzer for the analyte

of interest,

As used herein, a particle refeors {o any particulate matter in a size range from
10w to 1.5 millimeters including but not limited {0 cells such as red blood cells,

white blood cells, platelets, bacteria, viruses and other pathogens.

A particular nop-limiting application of the disclosed system for analysis of a
complex particle-bearing fluid pertains to olinical dlagnostics in the field of
healthcare. For example, the invention described herein eliminates the need for
centrifuging or filtering a patient’s whole blood sample to achieve plasma separation
and plasma collection in a container other than the microchanne! in which g whole
blood sample is held, The system according to the invention improves sample
throughput by eliminating the requirement for additional instrumentation, €.g., an
independent detecior in 8 cHnical analyzer, or centrifuge in the point-of-care
environment such as in the emergency, cardiac care, or critical care room, or in

military hospitals in the field.

According (o the invention, and referring to one embodiment ithastraied in
Figure 3A-3E, the systeny 10 includes a microfluidic device that accepis a

particulate-bearing fluid, ¢.g., a whole blood sample into 2 microchannel 12 having a

10
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diameter in the range of, for example, about 30 mm to 1.5 vom An acoustic
transducer 20, or a pair of acoustic transducsrs 20a, 20b or an aivay of acoustic
transducers 20n, integrated in the system 10, generates acoustic forces 24 which are
applied fransversely 1o & stationary {arrested) or flowing column 26 of whole blood
in the microchannel 12, Acoustic forees 24 generated by acoustic fransducers 20n
include byt are not limited to ultrasound waves, surface acoustic waves, bulk
acoustic waves, efe., with the frequency in the range ot about ZKHz t0 2 GHz, The
acoustic forces partition the red biood cells (RBCs) 27 from the plasma 28 {due to
distinct physical properties of plasma and RBCs} in the microchanuel 12. While the
red blood cells 27 are partitioned in the fuid column 26 in the microchannet 12, the
plasma 28 in the whole blood sample is analyzed by an ntegrated detector 19 such
as an optical apparatus or sensors, for the target analyte of interest, for example,
hemoglobin, Becauss the measurament is dove by the detector 19 while the column
26 of whole blood sample is partitioned into plasma 28 in ooe portion of the columnp
26 and cells 27 in another portion of the column 26 in the flow microchannel 12, the
system 18, according to the invention, has advantages over the prior art by
eliminating the potentially high risk of operator contamination, and the otherwise
necessary throughput-Himiting step of first centrifuging or filtering whole blood to
collect plasma for analysis that is performed in a separate clinical analyzer

apparaius,

Iny a particular embodiment, an arrested How mode, in conlrasttoa
continuous flow method, enhances the efficiency of particulate partitioning and
integration of an on~-chip detection apparatus, In this embodiunent, the systern 10
according to the invention includes a fluld flow arrestor {(not shown) for arresting the
flow of fhid such as blood in the separation/detection microchannel 12 by hardware,
such as bui not lmited to pumps, valves, flow regolators, compressors and
processors (not shown) for g defined period of time while the acoustie foree is
applied to the arrested particolaie bearing fluid sample fn the microchannel 12,
Arrested blood flow increases residence time of the sample in the applied acoustic
field. Continuous separation of the particles in a designated area, L.e., a detection

region of the microchanne], is achisved,

i1
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Additionally, by releasing the acoustic forces on the fluid sample, the
partitioning of panticles in the complex fluid medium is reversible, thereby
reconstituting the particles, such as cells, in the complex fluid medium, such as
plasma, (o reconstitute whole blood for further analysis, The reconstituted whels
blood may be captured in a collector positioned in fluid conununication with the
microchannel 12 in a reservolr such as but not Hmited (o another microchannel, a
pocket, a dilatation, a chamber, or a cavity. Thus, the system 18 according to the
invention is readily applicable to point- ofecare applications as well as in a central

clinical laboratory.

Additionally, the system according to the invention 18 may be incorporated
into the extracorporeal blood Hne of 8 heart/hung machine for continuous monitoring
of blood analvies during a surgical procedure requiring cardiopuimonary bypass
such as but not Hmited o cardiac valve repair or replacement, pulmonary
thrombectomy, repair of septal defects, congenital cardiae or vascular defects, and
thromboendarterectomy. The system according to the invention may be used in the
extracorporeal blood Hne of infants with serious congenital defects receiving life
support ot 10 oxygenate blood to maintain patients in need of and waiting for an

organ transplant.
in addition to detection of hemolysis, the system and method according to
the invention can also be used in the following fields:

= particle based chemical assays using reporter beads, such as bead- based

virus detection, or bacteria delsotion, for exampie

e other cell based assays using cell suspensions, such as detection of
circulating tumor cells (CTC) in a blood sample, other body fluid samples, or

cell fractions obiained from a tissue such as but not Hmited 0 2 neoplasm

Fyamphe ol the vavious corbodimants of the svsivm aenonding 1o the lnveation

Figures 3A and 3B ilhustrate the overall principle and one embodiment of the

systern 18 according to the invention for analysis of a complex particle-bearing fluid
{complex fhiid) 16 such as whole blood for a target analyte of inforest. The sysiem

14 includes a microfluidic device configuration 22 comprising one or more

12
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microchannels 12 and at least 4 sample port 14 in fluid communication with af least
the one microchanne! 12 for introducing the complex particle-bearing fluid 16, The
microchannel 12 includes at least one detector 1% and at least one detection site 18
or region for detecting an analvte in the complex particle-bearing fluid 16, At least
one acoustic transducer 28 s integrated in the micvofluidie device 22 for
transmitting acoustic waves 24 into the column 26 of the complex fluid 16, whole
blood, for example, in the detector region 18 of the microchaunel 12, Acoustic
forces 24 applied to the detector region 18 of the fhuid coluymn 16 partition the
particles 27 in the complex fluid 14, RBCs 27, for example, and generaie a
substantially particle-free fluid 28, plasma for example, In the detector region 18 for

analysis of the target analyte by the detector 1%,

With continued reference 1o Figures 3A and 3B, detector 19 such as optical
detectors/iransmitiers, or sensors such as traditional photometry detection apparatus,
traditional flucrescence measurement systeras, tioe resolved flucrescence
measurement system, which usually includes LEDs, specirometers, photodiodes and
related optics, are integrated with the acoustic ranaducers 20 at the detector region
1% in the microchanne! 12 for detection of the analyte of interest as shown in Figure
34, Figure 3B is a cross-sectional view of an acoustic force 24 in the rmcrochannel
iflustrated in Figure 34, according to the invention, moving RBCs 27 in the column
16 of whole blood to the sides 11 of the microchannel 13, Analysis by the detector
1% is performed on the substantially particle-free fluid 28 while flow is arrested or,
alternatively, while the substantially particle-free fuld 28 is moving in the
microchannel 12, Specifically for hemolysis (free hemoglobin detection), the
optical absorption spectrum of hemoglobin in contrast 1o other biood constituents is
iHustrated in Figure 3C.

Ags desoribed above, by releasing acoustic forces on the fluld sample, the
partitioning of RBCs is reveraible permitiing the reconstitution of whole blood that
mmay be collected in a downstream eollector such gs, for example, a tube, vessel, bag,

or chamnber for collecting and holding whole blood.

Figures 4A-48 iHustrate another embodiment of the acoustic configuration

system 14 for particle partitioning RBCs from whole blood, for example, and

13
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generation of g substantially particle-free fluid for fluld analysis, plasma for
example, for detection and analysis of a target anglvie. The width of the
mwicrochannel 12 can be in the range of about 50nm o 1.5 millimeters, preferably 3
micrometers to 1 millimeter, for example. The acoustic wave 24 used in this
configurstion could be ultrasonic waves, surface acoustic waves, bulk scoustic

waves, for example, with the frequency in the range of 2K Hz to 2 GHz,

Detectors 19 such as optical detectors/ransmiiters, or sensors such as
traditional photometry detection apparatus, traditional flucrescence measurement
systems, the resolved fluorescence measurement system, which usually includes
LEDs, spectrometers, photodiodes and related opties, are located at a detector region

18 in the microchanne! 12 for deiection of the anglyie of inferest,

In this embodiment, shown in Figurs 44, the coroplex fhald 16 is introduced
vig a sample port 14 in fluid communication with a microchannel 12, The complex
fluid 16 fills and forms a fuid column 26 within the microchannel 12, Acoustic
sransducers 28 and analvte detectors 19 are integrated at a detection region 18 in the
micrachanne] for fransmitting acoustic waves 24 into the column 26 of the complex
fluid 16, column of whole blood for example, and for detection and analysis of a

target analyte in the flnid column 6.

Analysis by the detector 19 is performed on the substantially particie-free
fluid 28 while flow is arrested or, alternatively, while the substantially particle-fiee
fluid 28 is moving in the microchannel 12, Detectors 1% including optical
detectors/transmitters, or sensors such as iraditional photometry detection apparatus,
teaditional fluorescence measurement systems, lime resolved flucrescence
smeasurement system, which usually includes LEDs, spectrometers, photodicodes and
related optics, are integrated with the scoustic transducers 28 af the detector region
18 in the microchanne! 12 for detection of the analyte of interest.

Figure 48 is & crosssectional view of RBCs 27 moved under the acoustic
force 24 to the center of the microchanned 12 lustrated in Figure 4A. The standing
acoustic wave is introduced to the microchannel 12, and the acoustic force 24 moves

the RBCs 27 o the center of the microchannel 12, leaving the greas close o the

14
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microchanne! wall 11 with cell-free plasma 28, In this embodiment, the area close

10 the wall 11 can be used for analyte measurement.

As described above, by releasing acoustic forces on the fluid sample, the
partitioning of RBCs is reversible permitting the reconsiitution of whole blood that
may be collected in a downstream collector such as, for examnple, a tube, vessel, bag

or chamber for collecting and holding whole bood.

Figures 5A-5B iHlusirate gnother embodiment of the acoustic configuration
14 for particle partitioning, for example, RBCs in whole blond, and generation of a
substantially particle-free fluid for fluid snalysis, such as plasma, for detection and

analysis of a target analyte.

In this embodiment, shown in Figurs A, the complex fiuld 16 is introduced
vig a sample port 14 in fluid communication with a microchannel 12, The complex
fluid 16 fills and forms a fhuid colomn 26 within the microchannel 12, Acoustic
transducers 28 and detectors 19 are inlegrated at g detection region 18 in the
microchanne] 12 for transmitiing acoustic waves 24 into the column 26 of complex
fluid 16, whole blood for example, and for detection and analysis of 3 farge! analyte

in the fluid column 26,

Analysis by the detector 19 is performed on the substantiaily particle-fres
finid 28 while flow is arrested or, alternatively, while substantially particle-free fluid

28 is moving in the microchanne! 12

Figure 5B is a cross-sectional view of a microchanne! 12 ilhustrated in Figure
54, showing the distribution of RBCs 27 inside the microchanned 12 in response o
the acousiic force 24, In this embodiment, one period of the standing wave is
introduced into the microchanne! 12 forming two pressure nodes 48a, 40b in the
fiuid column 26, The RBCs 27 are moved to the pressure nodes 40a, 48b, leaving
the area in the center 29 of the wicrochanne! 12 and the areas next to the

microchanns! walls 11 with cell-tree plasma 28,

The analvie detection is perforimed in the regions of cell-free plasma. The
detector 19 such as optical detectors/tranamitters, or sensors such as traditional
photometry detection apparatus, traditional flucresconce measurement systems, time

resolved fhuorescence measurement system, which usually includes LEDs,

J—
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speclrometers, photodiodes and related opties, are integrated with the acoustic
transducers 28 al the detector region 18 in the microchannel 12 for detection of the

snalyie of interest,

As described above, by releasing acoustic forces on the fluid sample, the
partitioning of RBCs is reversible pormiiting the reconstitution of whole blood that
may be collected in a downstream collector such as, for example, a tube, vessel, bag

or chamber for collecting and holding whole biood.

Figure 6 illusirates another smbodiment of the acoustic configuration system
1§ for particle partitioning, RBCs in whole blood, for example, and generalion of a
substantiafly pariicie-free fluid 28 for fluid analysis, such as plasma, for detection

and analysis of a target analyie.

in this embodiment, the complex fluid 16 is introduced via a sample port 14
in fhuid convnunication with a microchanne! 12, The complex fhid 16 fills and
forms a fluid column 26 within the microchannel 12, Acoustic fransducers 20a and
28h are located at acoustic regions 21a, 21b, respectively for transmitting acoustic
waves 24a, 24b, respectively into the column of the complex fluid 16, whole blood

for example.

RBCs are moved by scoustic forces 24a towards the walls 11 of the
microchannel 12, As the fluid flows further down the microchanne! 12, the RBCs
partitioned by acoustic forces 24a move out of microchannel §2 into one or more
particle outlet channels 42a, 42h (42n). As llustrated In Figure 6, a first and second
microfluidic microchannel 123, 12b, respectively are configured in serial. The first
and second microchannels 12a, 12b have a first or second acoustic region 21a, 21b

comprising a first and second acoustic transducer 2a, 28D, respectively.

After generation of a first substantially particle-free fluld 28a by pariitioning
the particles 27 in the first microchanne! 12a at the first acoustic region 21a, by the
application of an acoustic force 24, a substantially particle free portion flows into the
sacond microchannel 12b and the particles sre further partitioned from the fluid
column 26 by the second acoustic transducer 285 in the second acoustic region 21b
of the second microchanne! 12b. In this embodiment of the sysiem 1), the particles

in the complex fuid such as whole blood are further partitioned by acoustic forees
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24k in the second acoustic region 21b to obtain a further substantially particle-free
fluid, such as plasma, for detection and analysis of a target analyte, Analysishy a
detector 19 is performed on the second particle~-free fluid 28b in the detecior region
18 while the fluid is flowing or arrested aftor passing through the first acoustic

region 21a and second acoustic region 21b.

Dietector 19 such as optical detectors/transmitters, or sensors such as
iraditional photometry detection apparatus, traditional fluorescence megsursment
systems, time resolved fluorescence measurement system, which usually includes
LEDs, spectrometers, photodiodes and related optics, are located in a detector region
18 of the second microchanne! 12b ot the acoustic region 21h nmediately
downstream for detection of the analyte of interest in the szcond particle free fluid

28k,

Figure 7 illustrates another embodiment of the acoustic configuration of the
system 18 for particle partitioning, for example, RBCs in whole blood, and
generation of a substantially particle-free fluid for analysis, such as plasma, for

detection and analysis of a target analyte.

in the smbodiment shown in Figore 7, the complex fluld 146 is Introduced
vig a sample port 14 in fuid communication with & microchanne! 12, The complex
fiuid 16 fills and forms a fuid cohunn 26 within the microchannet §2. Two or more
acousiic transducers 28a, 205, one for each acoustic region 21a, 21h, are configured

in serial along a single microchanne! 12

In the embodiment lusirated in Figure 7, the complex fluid 16 is separated
twics, once at a first acoustic region 21a of the microchanne] 12 and again a sscond
time at a second acoustic region 21k of the microchannel 12 to obtain parficle-fres
fluid 28 such as plasma in 4 single microchannel 12 for detection and analysis of a

target analyte.

Analyvais by the detector 19 at a location downstream from the acoustic
regions 21 can be performed on the substantially particle-free fluid 28 while the
fluid is flowing or arvested, Detectors 19 such as optical detectors/transmitters, or
sensors such as traditional photometry detection apparatus, traditional fluorescence

megsurement systems, time resolved Huorescence measurement systern, which

i7
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usually Includes LEDs, spectrometers, photodiodes and related optics, are located at

a detector region in the microchannel for detection of the analvie of interest.

As desoribed above, by releasing acoustic forces on the Huid sample, the
partitioning of RBCs is reversible permitting the reconstitution of whale blood that
may be collected in a downstream collector such as, for example, a tube, vessel, bag

or chamber for collecting and holding whole blood.

Figure A ilustrates ancther embodiment of the acoustic configuration of the
system 1 for particle partitioning, for example, RBCs in whole blood, and
generation of substantially particle-free fluid for fluid analysis such as plasoa for

detection and analysis of a target analyte,

In this embodiment, the complex fhid 16 s introduced via a sample port 14
in fluid communication with a microchannet 312, The complex Huid 36 fills and

forms a fluid cobumn 26 within the microchannet 12,

Figure 8B illusirates that the acoustic force 24 is introduced along the
vertical divection by an acoustic transducer 28, Particles, such as RBCs, are
partitioned o the top layer 32 of the microchannel 12 and the substgntially particle-
free fluid 28, such as plasma, stays in the bottom 34 of the microchannel 12, By this
configuration, the substantially particle-free fhuid 28 is partitioned for analysis of 2
target analyte, such as hemoglobin, for the detection of hemelysis. Through acoustie
configuration, the substantially particle-free fluld 28 can also be separated in the top
layer 32, middle layer 36 or certain positions along the vertical axis of the

microchanne! 12,

Analysis by the detector 19 can be performed on the substantiaily particle-
free fluid 28 while fluid ts flowing or arrested. Petectors 12 such as optical
deiectors/transmitiers, or sensors such as traditional photometry detection apparatus,
traditional fluorescence measurement systems, time resolved fluorescence
measurement systerm, which usually includes LEDs, spectrometers, photodiodes and
relaied optics, are lovated at a detector region 18 in the microchanne! for detection of

the analvie of interest,

As described above, by releasing acoustic forees on the thuid sample, the

partitioning of RBC« is reversible permitting the reconstitution of whole blood that

i8
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may be collected in a downstream collector such as, for example, a tube, vessel, bag

or chamber for collecting and holding whole blood.

Figure 9 illustrates another embodiment of the acoustic configuration systern
18 for particle partitioning for example, RBCs in whole blood, and generation of g
substantially particle-free fluid for fluid analysis such as plasma for detection and

analvsis of a target analyte,

in the embodiment Hiustrated in Figure 9, the complex fluid 16 is introduced
vig g sample port 14 in fluid communication with a microchannel 12, The complex
fluid 16 fills and forms a column 26 within the microchannel 12, The acoustic
separation is performed at a first scoustic region 21a of the microchannet 12,
Acoustic separation is a result of acoustic forces 24 fransmitted by acoustic
fransducers 28 into the fluid column 26. The substantiaily particle-free flnid 28
flows in a column 26 to the detecior region 18 for detection of hemolysis in a whols
blood sample, while the particles 27 such as RBCs in the complex fluid 16 are

partitioned and flow {0 an ouilet port 42a, 425,

Detector 19 such as optical detectors/transmitters, or sensors such as
traditional photometry detection apparatus, iraditional flucrescence measurement
systemns, thime resolved fluorescence measurement system, which usually includes
LEDs, spectrometers, photodiodes and related optics, are located at a detector region
18 in the microchannel 12 for detection of the analyte of interest, The particle-free
flaid such as plasma flows through 4 plasma channel lo a plasma outlet port 38 that

is separate from particulate outlet ports 424, 43,

In vet another embodiment of the invention, multiple detector reglons 18n in
{he microchannel 13 described in the above embodiments are associated with an
acoustic device 28 and a detector 19 for analysis of multiple target anabytes ina
complex fluid such as whole blood, cach target snalyie being detected at one of the

detector regions 18,

1%



WO 2016/115014 PCT/US2016/012811

10

i5

28

25

What is claimed is:

1y

2}

4}

b

o

&)

-3
Nt

)

A device for analyzing analyies in a complex particulste fluid, said complex
particulate fiuid comprising s fluld portion and a particulate portion, said
device comprising:
2 microchannel capable of housing a colunmn of the complex
particulate fluid, the microchanne! comprising at least one analyte
detection region;
an acoustic transducer capable of generating acoustic waves aligned
with the at least one analyte detection reglon in sald complex fluid,
satd acoustic waves partitioning said particulate portion from said
fluid portion in said microchannel;
a detector of sald analyte aligned with the analvie detection region of

the microchannel.

The device of claim 1 further comprising a fluid flow arrestor for arresting

flow of the complex fluid at the analyte detection region.

The device of claim | wherein said complex fluid comprises whole bload

and said fluid portion comprises plasma.

The device of claim wherein said acoustic waves are selected from the
group consisting of ultrasonic standing waves, surfaes acoustic wave, bulk
coustic wave, and acoustic waves with frequency preferably in the range of

a
2kHz to 2GHz,

The device of clain: 1 further comprising a plurality of scoustic transducers,

a plurality of analyte detection regious, and a plurality of analyte detectors,

The device of claim | further comprising a complex fluid collector for

collecting reconstituled complex fluid after analysis of the target analyte.

The device of claim 8 wherein said complex fluid collector comprises g

micrachanne!, & pocket, g dilatation, a chamber, or g cavity.

A method for analvzing an analyie o whole blood, comprising;
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introducing a whole blood sample into a microchannel of an analytical
device;
applying acoustic forces to satd whole blood at an acoustic region of said
microchanne! to partition blood cells from plasma; and,

b applying a detector in 2 detection region of sald microchannel to said plasma

1 measure sald analyte in said whole blood at said detection region.

93 The method of claim 8 further comprising arresting flow of said whole blood
or said plasma, flowing or arrested, in sald microchannel at said detection

region of said microchannel,

10 13} The method of claim 8§ further comprising,

collecting said whole blood downstream from said detection region,
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