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(57) Abrege(suite)/Abstract(continued):

(94). The standard optical reference (78), such as a fluorophore-doped glass, provides constant optical signal under controlled
optical conditions. The sample handling structure (838), such as a microfluidic system with reaction chamber, can be placed
beneath or above the standard optical reference (78). During operation, the coagulating plasma/blood changes its optical
absorbance and reflection properties, which results in changes In optical signhal that reaches the optical reading unit (94). The
variation of the optical signal, such as fluorescence signal indicates the kinetics of the turbidity varying process, such as
plasma/blood coagulation process. This invention Is used for performing turbidity assay with optical system, including photometry
system, fluorescence system, Raman Spectroscopy system and so on.
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(57) Abstract: This mvention relates to an optical system
and method for performing turbidity assay, e.g. coagulation
of blood or plasma, comprising a standard optical reference
(78), a sample handling structure (88), a light source (96)
and an optical detection unit (94). The standard optical ret-
erence (78), such as a fluorophore-doped glass, provides
constant optical signal under controlled optical conditions.
The sample handling structure (88), such as a microfluidic
system with reaction chamber, can be placed beneath or
above the standard optical reterence (78). During operation,
the coagulating plasma/blood changes its optical absorbance
and retlection properties, which results in changes i optical
signal that reaches the optical reading unit (94). The vari-
ation of the optical signal, such as fluorescence signal indic-
ates the kinetics of the turbidity varying process, such as
plasma/blood coagulation process. This invention 1s used for
performing turbidity assay with optical system, including
photometry system, fluorescence system, Raman Spectro-
scopy system and so on.
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METHODS ARD SYSTEMS FOR POINT-OF-CARE COAGULATION ASSAYS BY
OPFTICAL DETECTION

FIELD QF THE INVENTION
This invention relaies 1o an oplical svstem and method for detecting coagulation of
plasma or blood comprising 2 standard optical reference, a sample handling structure, a light

source and an optical detection umi.

BACKGROUND

{cagulation assays are mmportant tools (o monmitor 8 patient’s risk of bleeding or
thrombosis, both of which could iead to fatal consequences if interveniion does not ocour
promptly and appropristely. This 18 sepecially critical in emergency and operation rooms, as
a patient’s hemostasts heaith status needs to be understond betore proper hemotherapy 18
admimstered. Awmong all the coaguiation assays, prothrombin time (PT) and activated partial
thromboplastin time {APTT) assays are currently the most popular coagulation tests used in
clinics and hospitals,

Instruments performung PT and APTT assays usually contain blood sample
preparation mechanisims such as coaguiation reagents and oplical spectroscopy measurement
untits. Despite the advantages such as high throughput and good accuracy, these assays have
somne disadvantages that prevent its application for point-of-care tests. Furst, (1) due {o the
complex sampic preparation and measurement process, the sampling-to-result Hme ranges
{rom davys to weeks. Such a slow tumaround fime cannot meet the near real-time requirement
I emergency rooms or other near-patient use. Secondly, {2} a large volume of hlood, e,
more than a mliditer of blood 1s required with these instruments for proper sample handling
and accurate measurement.

Fluorescence-based technologies with state-of-the-art microfiuidic sample preparation,
such a3 lab-on-a-chip timmunoassay, were developed to solve the above shortfalls, A popular
method in the recognized art is 10 use thrombin or plasmin (both factors are generated during
coagulation reaction pathways} speciiic subsirates containing imimunoreactive fragments.
Unon exposure o thrombin or plasmin, the substrates are cleaved and the immunoreactive

fragments are released from the substrate, which generates a fhuorescence signal as an
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maicator of the kinetics of coagulation process. These technologies suffer from poor
reliabiiity due to the low efficiency of the chemical reaction and the stability of the

immunoreactive ragments, Additionally, the requirement by the industry for quality control

i1 chemical production, mstrument manufacturing, and hinal usage increases the cost of these
prior art cosgulation assays.

The mvention disclosed herein was developed (o successtully solve the problems
wdentified in prior art coagulation assays of slow twrn-around-time, large sample size
requrement, excessive production costs, lack of reagent stability, and inability of prior art
coagulation assays to meet the near real-lime reguirement 1n emergency rooms or other neat-

patient use for immmediate coagulation assay results.

SUMMARY OF THE INVENTION

The tluorescence based and other coagulabion assavs according to the invention
described below can be used widely i various chinical situations. Centralized large
instruments or pownt-of-care instruments can be develeped around these methods to achieve
fiigh throughput coagulation assays. Various assays specific to certgin factors involved in the
coagulation cascade, for exampie, can be realized with this technology.

More importantly, compact pomnt-ot-care devices according to the inveniion described
herem can e developed for emergency room, surgical suites, intensive care unifs or a
physician’s office. The rapid response and small sampie size requirement of the disclosed
mvention atiow the technology to be used for continuous moniforing of coagulation kinetics,
¢.2., when hemotherapy is required. In the meantime, the invention can be used with existing
unmunoassay systems and/or mucrofiwidic systems that are currently used for the diagnosts of
heart discases and cancers of patients, without the need for extensive new instrument
development.

in one aspect, the mveniion 18 directed {0 an assay system comprising a reaction
chamber for holding a sample, an excilation light spurce, an optical reference for providing an
optical signal, and an optical recerver, The ophical reference 1s positioned to absorb the

excitation light and generates the optical signal to the oplical receiver.
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The reaction chamber according to the invention 1s postiioned to mhibit or enhance the
signal generated from the oplical reference and detectled by the optical receiver. Inone
embodiment, the reaction chamber holds & sample in the absence of a colorimetnc reagent.

The excitation light source provides a specific wavelength ranging, for example but
not brted to, from 20 nm (o 3000 am, SO g to 2000 rn, or 100 nm to 1800 nm.

The optical reference according to the assay system is selected from the group
consisting of, for example, fhuorescence doped glass, siamed glass, dyed glass, and matenials
showing Raman effect. The reaction chamber comprises a humen, a planar first wall, and a
planar second wall, In one embodiment of the reaction chamber, the planar second wall i3
opposite and parallel to the planar first wall,

In one emmbodiment of the invention, the planar first wall and the planar second wall
are each oplically transparent to iight in the waveiength range of, for example, about 20 mmn o
about SO00 nmy, or alternatively, in the wavelength range of about 20 nm to about 2000 nm.

in various embodimnents of the mvention, the reaction chamber 18 positioned between
the optical veference ang the oplical receiver and excitalion light source, or the optical
reference 18 positioned between the reaction chamber and the optical receiver and excitation
light source, alternatively the optical reference 15 positioned between the excitation light
source and the reaction chamber, and the reaction chamber is postiioned between the optical
reference and the oplical receiver.

The assay system turther comprises an optical receiver that imcludes a hight detector
for detecting ernission light emitied from the light source or the optical reference, or for
detecting refleclied or secondary hight. In one embodiment, the oplical receiver module and
light source moduie are imiegrated.

In one embodiment, each of the first and second planar walls of the reaction chamber
comprise a lummnal surface and the first plagar luminal surface 18 coated with one or more
reactants, The reaction chamber may further comprise a sampie inlet port and a reaction fluid
outiet port. The first inlet port may feature a v-shape.

in another aspect, the invention is directed to a method for detecting coasgulation. In
one embodiment of this aspect of the invention, the method requires:

{1} providing a system compnising an ophical reterence consisiing of a device for

senerating a calibrated opnical signal;
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{11)  providing a reaction chamber comprising a chamber for holding a thud, the
chamber comprising a planar first wall and a planar second wall that is opposite and parallel
to the planar hirst wall, and a lumen for holding a thud, the first and second planar walls of the
reaction chamber comprising a luminal surface and the first planar luminal surface 15 coated
with one or more reactants, and an mnlet, for example, a V-shaped inlet for introducing a body
fluid sample nto the reaction chamber;

(111}  iransmitting excitation light from a hght source through the flnid in the
reaction chamber {0 an optical reference;

{1v})  mecasuring cnussion light from the oplical reference transmitted through the
fhaid n the reaction chamber {0 an optical detector;

{V} comparing the measuraed emission light to a pre-deternuned standard {or
determmining coagulation time n the system.

In another embodiment, the method requires

{1} providing a system comprising an optical reference consisting of a device for
generating a calibrated optical signal;

(11}  providing a reaction chamber comprising a chamber for holding a fluidg, the
charnber comprising a planar first wall and a planar second wall that 1s opposite and parallel
to the planar first wall, and a lumen {for holding a flud, the first and second planar walls of the
reaction chamber comprising a {uminal surface and the first planar laminal surface is coated
with one or more reactants, and an mlet, tor example, a V-shaped mlet for infroducing a body
Huid sample into the reaction chamber;

(111}  transmatiing excitation light from a light source through the optical reference to
the {luid in the reaction chamber;

{(iv}  measuring reflected emussion light from the optical reterence transmatied to an
optical detector; and

{v} comparing the measured enussion hight to a pre-determined standard {or
determining coagulation fime n the svstem.

fn vel another embodiment, the method reguires

{1} providing a system comprising an optical reference consisting of a device for

seneratine a calibrated optical signal:
& ,
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{11}  providing a reaction chamber compnising a chamber for holding a fhud, the
chamber comprising a planar first wall and a planar second wall that 1s opposiie and paraliel
to the planar first wall, and a2 lumen for holding a fluid, the first and second planar walls of the
reaction chamber comprising a luminal surface and the first planar lumianal surface is coated
with one or more reactants, and an mdet, {or example, 2 V-shaped inlet introducing a body
Huid sample into the reaction chamber;

(111} transmatting excitation light from a hghti source through the oplical reference;

(iv}  the oplical reference generates a secondary light which passes through the
reachion chamber;

{v} measuring the secondary light by the optical detector; and

{(vi}  companng the measured secondary Light to a predeiermined standard for
determuining coagulation ime in the system.

The foregoing and other objects, teatures, and advantages of the mvention will

become apparent from the following, more particular description of the preferred

embodiments of the invention,

BRIEY DESCRIPTION OQF THE DRAWINGS

The ivention 1s described with particularity 1 the appended claims. The further
advantages of the invention described herein may be better understood by referring to the
following descniption taken in conpunction with the accompanying drawings.

Figure 1 illusirates a double absorbance ophical configuration for the coagulaiion
system to absorb both excitation light from a light source and returning hight from optical
reference during coagulation of a plasima or blood sample according o one embodument of the
mvention.

Figure 2 ilusirates a reflection optical configuration for the coagulation svstem o
eritrap excitation light at the mterface between sample and optical reference to enhance optical
signal generated in the optical reference during coagulation of a piasma or biood sample
according to another embodiment of the mvention.

Figure 3 iflustraies a ransmission configuration for the coagulation system o absorb
the light emitied from the optical reference excited by the light source durning ceagulation of a

plasma or blood sample according to another embodiment of the invention.
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Migure 4 tliustrates that the distance between optical reference and sample fluid {(d) can
vary from ( o a large value, typically ¢ {0 200 mim with all the configurations described with
respect to Figure 1, 2 and 3.

Figures 3A-E ilustrale a method {0 make the oplical reference with various
composiiions, inciuding {A) dope optical agents, such as but not Hmited o fluorescence
motecules, particle, dyes, mside a substrate material such as, but not limited to plastics, glass,
and stitcon; {B) chemically assemble a laver of optical agents on the first surface of the
substrate; (C) chemically assemble a laver of optical agents on the opposite surface of the
substrate; {3} coating a laver of optical agents on the first surface of a subsirate by etther
physical or chentical method; (E) coating a layer of optical agents on the oppostie surface of
the substrate by either physical oy chemical method.

Figures 6A-( 1ilusirate exemplary configurations for integrating the optical reference
with the reaction chamber of the sample handling device: {A) embedding the optical
reterence in the fivst wall of the integral reaction chamber; {B) bonding a fat optical reference
to form the first wall of the reaction chamber with the cavity of the reaction chamber in the
bottom part; {C) bonding the ophical reference to the remaining portions of the reaction
chamiber illustrated 1n 68 except the bottom portion; (13} placing the optical reference outsids
the enclosed reaction chamber as a separate part; {E) embedding the optical reference within
the wall opposite to the first wall of the integral reaction chamber; {(F) bonding the flat optical
reference to {orm the opposite wall of the reaction chamber with the cavity of the reaction
chhiamber 1n the remaming poriion; () bonding the optical reference to the remaining portions
ot the reaction chamber illustrated 1n 6F except the first wall.

Figure 7A 15 a view of the bottom of a microfluidic plate with a reaction chamber
Hiustrating one exemplary configuration of the reaction chamber having a fluidic inlet and
outiet tor the sample, and dry reagent pre-stored in the chamber, and Figure 7B illustrates a
side view of Pigure 7A;

Figures SA-D illustrate a higuid handling device including an exemplary configuration

of the reaction chamber with two Huidic inlets; one for sample and one for reagent separately,

and a fluid outlet. {A} 18 a perapective view of the reaction chamber; (B) is a top view of the

reaction chammber; {C} 15 a cross-section of Figure EB; (D) 13 another cross-section of Figure

8B. Figures 8E-8H iilustraie sequential filling of the reaction chamber with reagent from bimse
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= { {0 time = 3, and Figures 81-8L tllustraie the sequential {illing of the reaction chamber with
sample flud from time = 4 lo time = 7.

Figure 9 iilustrates a cross-section of the reaction chamber filled with reagent and
sarnple fhud.

Fipure 10A and 10B are top and boftom views, respectively, of an exemplary
microfiuidic device inchuding a plurality of reaction chambers in accordance with the
invention,

Figure 11 shows an embodiment of the invention based on the optical configuration
shown in Figore 1 and exemplary assay result. {A) in this specific embodiment, an LED is
used as hight source, a fluorescence doped glass is used as ophical reference, and a guantitative
fluorescence detector 1s used as an optical detection unit. (B} illustrates fluorescence signal
from an assay group having abnormal plasma (b} and control group having normal plasma
{a} according o one embodiment of the double absorbance configuration of the coagulation
systern according o the mnveniion shown in {A). The abnormal assay group resulis show
delayed signal change compared (o that from the normal control assay group.

Figure 12 shows an embodiment of the invention based on Figure 2 optical
configuration and exemplary assay vesulf, (A} in this specific embodiment, an LED is used as
Light source, a Hlucrescence doped plass 15 used as optical reference, and a quantitative
fluorescence detector 18 used as an optical detection unit; (B} illustrates flucrescence signal
from an assay group having coagulated plasma {a) and control group having uncoagulated
plasma {b} according {o one embodiment of the double absorbance configuration of the
coagulation system according to the mvention shown in A, The assay results shows enlarged
signal change from the coagulated plasma {a) compared to that from plasma without
coaguiation (b}

Figure 13A-D shows an exemplary mathemalical method (o process the opiical data to

obtain quantifative coagulation fime.

PESCRIPTION
tn one aspect, the invention relates 10 a system for detecting coagulation of a patient
plasma or blood sample i a reaction chamber, {or example, a chamber of a microflmdic

device. The sysiem includes an optical reterence part, such as but not lunited to g standard
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Huorescence element, such as but not fumited to 3 flucrophore~-doped glass, a poivmer {1lm or
sheet containing intrinsic flucrescence that 1s used 1o generate a fluorescence reference signal.
The positioning of the fluorescence element and the coagulating blood/plasma sample 15
configured o vary the light energy that reaches and/or leaves the optical reference. With such
configuration, the system according {o the invention de-couples the Hhuorescence signal from
chemical reactions. The vartation of the fluorescence signal indicates the kinetics of the
piasma/blood sampie coagulation process.

The coagulation detection system according to the mvention is used for performing
coaguialion assavs, for exampie, with fluorescence detection. As a pomnt-oi-care (PO}
coagulation immunoassay system, the sample preparation can be implemented 1 4

5

'

sicrothudic cartndge, allowing small sample volume, 1.¢., less than a malliliter, preferably leg
than 100 microliters, and low manuiactunng cost. The invention can be used for types of wet
chemical assaye where g change in adsorplion, turbidity during the assay 1s used tor detection
and guantification of an analvie in a sample. Typical wet chemical gssays are

unmunochemicsl, eneymatic, clotiing assays, athinily based, and nucieic acid based assays.

Different optical detection methods may be used i various embodiments such as but not
limited o turbidity, absorpiion, reficctance, Hiuorescence mntensity, fime resolved
Huorescence, NIR and others. Compared to traditional coagulation assay tools such as ophical
specirescopy or iab-on-a-chip assay systems, the coagulation system according {o the imvention
fias at a munimum the following advantages:

{1} the enbanced portability of the system and fast turnaround time aliowing poiat-oi-
care applications;

{2} the system’s handling of 3 sample reguires only a small amount, 1.e. less than a
midlibiter of patient biood or plasma, preferably below 100 nucroliters;

{3} no indicators like those {ypically reguired in state-of-the-art Huorescence assays
such as fluorophore reagents or colorimetric reagents need to be added into the assay . This
simpiifies the assay protocel by reducing the assay handling steps which would otherwise
reguire immunoreactive reagents, intra-assay chemicals, and chemical reactions. The
fiuorescence signal generated according to the mvention 18 only a function of the coagulation
reaction and reguires no Huorophores added mto the sample, resuliing in lower cost and lower

background interierence;
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{4} the decouphing of fluorsscence signal and chemical reaction, together with using a
standard Huorescence element, allows easy and reliable guality control;

(3) the system according {o the thvention described herein can be realized m any
Huorescence system, vanous liguid handhing systoems mchading microfluidics, robotic, and
meanual hgud transportation systems ailowing rapid and cost-etiective adoption and
integration with other biomarker detection systems, such as, but not limited {0 solid phase
uyranuneassays for the guantification of other analvies in biood such as cardiac markers like
troponin § or markers providing addifional information to clotting parameters such as B-Dimer.
D-dimer tosts are ordered, along with other Iaboratory tests and imaging scans, to help rule
out the presence of a thrombus;

{0} the cost of the cartridge which includes the various embodiments of the optical
syvstem according (o the mvention 1 sutficiently low o be disposable which reduces the risk of
cross-contamination. The cartridge can be manufactured preferably in polymers such as
polystyrene or cycloolefines, by manufacturing methods, preferably injection molding or hot
embossing;

{7} ditferent wavelengths may be used for the light source and signal detection thereby
reducing background inferference. The light source may be selected from but 1s not limited 1o
the group consisting of a laser, a mercury arc lamyp, and an LED. Wavelengths range from, for
exampie, about 20nM to about 5000ndd, about 50nM o about 2000nd, about 100nm to abowt
1000nM,

{Uptical Configuration

Yarious oplical configurations, with different arrangements of optical reference and
sampie reaction chamber, are disclosed for various turbidity assays, e.2. blood coagulation
assays. [he schematics of each configuration according to embodiments of the invention are
tustrated m Figures 1, 2 and 3, and the operation principles are described below,

Double Absorbance Optical Configuration

As shown i Figure |, according {o one embodiment of the invention, a double
absorbance optical configuration system 180 has a fluorescence module 88, a reaction
chamber 88, and 3 fluorescence reference 78, In one embodiment, a fluorescence module 98

integrates both hight source 90 and Huorescence detection umit 94, for example, but not limuted

o g detection system 1o measure fime resoived Huorescence {TRF) using an LED {(360mm),
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for exarnple, for excitation and a photodetector, such as a photo diode or a multi pixel photon
counter { MP PO, to quantity the Hiuorescence cmission.
With continued reference to Figure 1, according to one emnbodiment of the mvention,

the double absorbance optical configuration system 100 has a light source 86, an ophical

detection unit 94, an optical reference 78 and a reaction chamber 88, Dunng operation, the
light 95 from the hight source 90 and the returming light 93 from the optical reference 78 both
transmit through the sample in the reaction chamber 88 and 1s absorbed due to turbidity
change of the sample, plasma or blood, for example. The source or exciiation light 95 and
refurning or emission light 83 can have same or ditterent waveiengths. The optical reference
78 can be realized with vanous opiical technelogies, such as but not lmated to generic
photometry, fluorescence, Raman speciroscopy time-resolved fluorescence, and surface
enhanced Raman spectroscopy. In one embodiment, a fuorescence-based method 1s used for
blood coagulation time measurement with hight source being LED, optical reference being a
fluorescence glass, returning light being emission from the fluorescence element, the sampie
being plasma, and the oplical detection unit being a fluorescence detecior. In this
embodiment, when the plasma coagulates in the reaction chamber, the fluorescence signal
read at the optical detection unit 18 reduced due to mereased optical absorbance by the
coagulated plasma.

With continued reference to Figure 1, the reaction chamber 88 encloses a plasma oy
blood sample and reageni{s) for a particular target coagulation assay. The reaction chamber
88 comprises a first wall 86 and a second wall 84 that 15 opposite to the first wall and 13
positioned between the optical reterence 78 and the hight source 96 and detector 94, The first
wall 86 is optically transparent {0 a light of specified wavelength and 1s closer to the
fluorescence module 98 than the seccond wall 84, The second wall 84 15 optically transparent
to the light with specified wavelengths and is positioned oppostie and paraliel to the first wall
&& and closer to the fluorescence reference 78 than the first wall 86. A reagent added to the
piasima or bleod sample in the reaction chamber §8 enabies the coagulalion reaction in the
reaciion chamber 8K,

The optical reference 78 15, for example, but not limited to, a fluorescence-doped
ztass, or fluorophores immobiiized on the surlace of the second, opposiie wall 84 of the

reaction charaber 88, In the double absorbance optical conligurafion embodiment, the
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fluorescence reference 78 1s positioned on the side of the reaction chamber &8 that 13 opposiie
{0 the Huorescence module 9% as illusirated in Figure 1. The purpose of the optical reference
78 1s to provide a calibrated optical signal at a specific wavelength.

{uring operation, once the plasma or blood sample coagulation process starts, more

and more fibrinas formed thereby increase the turbidity of the plasma or hiood sample in the

vy

reaction chamber 88, As a result, the transmission of the excitation hight 85 through the
sample 18 reduced and the excitation of Hluorescence molecules on the optical reference 78 is
inhibited. [n addition, the reduced emission light 83 from the optical reterence 78 18 absorbed
further when it passes through the sample in the reaction chamber 82 o the fluorescence

10 module 98 where 1t 15 detected and measured by the thiorescence detector ¥4, The combined
effect of the two absorbance processes, 1.¢., the first absorbance as the excitation light 95
passes through the reaction chamber K& {0 the thiorescence reference 78, and the second
absorbance as the ennission light 93 passes from the optical reference 7¥ through the reaciion
chamber 88, 15 expected to produce a signal change detected by the optical detector 94, The

15 sipgnal change indicates the coagulation process of the sample i the reaction chamber 88, Ag
a resuit, a decrease of the fluorescence signal detected by the optical detector 94 in this double
absorbance optical configuration mdicales that the coagulation process has begun., The
relative change of the signal with time gives information about the coagulation process
{kinetics, slope). For the proper calculation of the different coagulation parameters such as

2 P, APTT, the maxioman and muintmuin signal 1s deternnned.

Reflection Optical Signal

Figure 2 dlusirates a refisction oplical conligurstion of the turbidily system 1007
according to ancther embodiment of the invention i which the fhuorescence reference 78 is
positioned between the reaction chamber 8% and the fluorescence module 98,

25 With continued reference to Figure 2, the retlection optical configuration system 1047,
like the double absorbance optical configuration system 1Y described above, comprises a
fluorescence tnodule 98, 4 reaction chamber 88, and a fluorescence reference 78, In one
embodiment of the reflection optical configuration, the thuorescence module B¥ integrates
both iight source 96 and fluorescence detechion unit 94, for example, but not limited to a

30 fluorescence reader from Hortba instruments Inc. {Kyoto, Japan) that has an LED 360nm)

lighit source and a MPPC {a multy pixel photon counter ) detector.
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The reaction chamber 88 encloses a plasma or blood sample, and reagent{(s) for a
speciiied target coagulation assay and typically has a plurality of planar walls, at least two of
which are paraliel and opposite. The optical reference 78 is positioned between the reaction
chamber 88 and the excitation light source 96, and optical receiver 94, For example, the
reaction chamber 88 comprises a hirst wall 86 and a second wall 84 opposite to the Hirst wall
&6, In a preferred embodiment the Grst wall 86 and the second wall 84 are parallel {0 one
another, Alternatively the first wall and the second wall may be placed at an angle to one
another, tor example, at 2 45° angle.  In the refiection optical configuration, the first wall 86
is opiically transparent {o a hight of specificd wavelength and is positioned closer o the
fluorescence reference 78 than the second wall 84, The second wall 84 is positioned opposite
and paraliel to the first wall 86 and further away from the fluorescence reference 7€ than the
first wail 86, The second wall 84 may or may not be oplically transparent. A reagent added
to the plasma or blood sampie i the reaction chamber 88 enables the coagulation reaction in
the reaction charuber &8,

The optical reterence 78 is, for sxample, but not limited to, a {luorescence-doped
glass, or Hhuorophores immobilized on the surface of the first wall €6 of the reaciion chamber
88, In this embodiment, the Hluorescence reference 78 18 positioned between the reaction
chamber 88 and the Huorescence module € as illustrated in Figure 2. The purpose of the
Hluorescence reference 78 1s to provide g calibrated fluorescence signal,

During operation, once the plasma or biood sample coagulalion process starts, more
and more fibrin 1s formed thereby increase the turbidity of the plasma or blood sample in the
reaction chamber &&.

As tliustrated in Figure 2, in the vetflection optical configuration, the excitation Hght 95
first reaches the oplical reference 78 and then transmuts through the sample in the reaction
chamber 88, In other words, one portion of the excitation light 95 excites {luorescence of the
aptical reference 78 before transnuission through the reaction chamber &8, while the remaining
portion of the exciiation hight 93 transmats through the sample in the reaction chamber 88, As
coagulation of the plasma ¢or biood sample 1 the reaction chamber 88 imitiates and
propagates, and the guantity of hibrin increases in the sample, the energy distribution of the
two light portions, Le., transmitted and retlected hight, 18 varied due to the change of the

sample’s transmission property. Namely, the transmissicn of the excitation Hght 95 15
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ihtbnied, and more hight 18 trapped at the inlerface of the fluorescence reference 78 and the
first wall 86 of the reaction chamber 8 to excite more thuorophores. As a result, an increase
of the tluorescence signal detected by the optical detector 94 1n this configuration indicates
that the coagulation  process has begun. The clotting time can be determiuned by, for example,
the slope of the clotting curve which 1s calculated by the first derivative of the clotting curve
(raxamum vatue of the first dertvative 1s giving the start ime for coagulation) as shown
Figure 12, Maximum {start of the reaction, ime point zero) and minimal signal {coagulation
comapieied) are needed to determune the clotfing time.

Transmussion Optical Configuration

Figure 3 ilusirates yet another optical configuration of the systemn 1007, The optical
reference 7¥ s arranged between the light source 90 and sample reaction chamber 88, and the
reaction chamber 88 is placed between optical reference 78 and optical detection unit 94,
During operation, the optical reference 78 18 exoted by the source light 96 and emiis a
seeondary tight 93, such as Huorescence signal, The secondary light 93 passes through the
reaction chamber 88 and is ghsorbed due to turbidity change of the sampie. The optical
detector B4 reads the signai of the secondary light 93 from the oplical reterence 78, The
qguantitative value of the signal represents the kinetics of the coaguiation reaction,

Figure 4 iliustraies that the distance (d) between the oplical reference 78 and the
sampie 1n the lumen 83 of the reaction chamber 88 can vary from about § to about 200 mun
with each configuration described above with respect to Figure §, 2 and 3.

Figare S tlustrates exemplary conhigurations of the optical reference 78. Using opticsl
reterence with flucrescence properties as a non-limuiting exampie, the optical agents 61 can be
made by embedding tluorescence molecules, particles or other carriers info a plastic, glass or
silicon material substrate 78 (Figure 5A). Altemnatively, the optical flucrescence agents can he
chemicaily or physically coated on the surface of the subsirate, either on the top 60 or bottom

62 surtace, 1.e., hirst surface 60 or second surtace 62 opposite the first surface, or both. For

cxample, as tHustrated 1 Figure 5{B) a laver of optical agents 61 may be chemically
assernbled on the first surface 64 of the substrate by physical means or chemical means: in
Figure 3{{) a laver of optical agents 61 may be chemically assembled on the second surface
&2 of the substrate by physical or chemical means; in Figure 5{1), a layer of optical agents 61

may be coated on the first surface 60 of the substrate by chemical or physical means; or, in
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Figure 53{e}, a layer of optical agenis 61 may be coated on the second surface 62 of the
substrate by chemical or physical means.

Figure 6 illustrates various exemplary arrangements of the reachion chamber 38 and
the opiical reference 78, The optical reference 78 can be an integral part of {he reaction
chamber 88, for example, by being embedded in the top or botlom part of the enclosed wali
64 of the reaction chamber 88, or, altematively, the optical reference can be a separate part
placed ouiside above or cuiside below the reaction chamber & to form suitable oplical
configurations according to the wvention. Preferably the long axis of the oplical reference 78
18 perpendicular to the excitation light. Alternatively the excitation light may be at an angle to
the long axis of the optical reference 7&.

Figure 6A 1llustrates an exemplary planar optical reference 78 embedded 1n the first

wall 65 of the enclosing wall 64 of the reaction chamber &8, gecording to one embodiment.

Alternatively, Figure 6B illustraies a planar optical reference 78 bonded to and forming the
first wall 65 of the reaction chamber 88 with the lumen 83 of the reaction chamber 88 on the
inside of the first wall 65 of the reaction chamber 88, In a preferred embodiment the long axas
of the oplical reference 73 1¢ perpendicular to the light source or aliernatively at an angle up o
about 457,

In snother embodiment, ilustrated m Figure 60, the oplical reference 73 forms three
walls, 65, 6377, 65777 of the reaction chamber 88 while only the second wall 657, opposite wall
¢35, is not a portion of the optical reference 7.

fin still another embodiment, Hustirated i Figure 6D, optical reference 7¥ 15 positioned
as an element separate trom any wall of the reaction chamber 88 and with the long axis of the
optical reference 78 parallel to at least one wall of the reaction chamber 8%; illustrated in
Figure 6F, the optical reference 78 is embedded in the second wall 657 of the reaction
chamber 88; illusirated in Figure 6F, the optical reference 78 is pignar and bonded 1o the
second wall 857 of the reaction chamber 88; 1llustrated w Figure 65, the oplical reterence 78,
forms three walls, 657, 6577, 65777, with enly the first wall 65 opposite to wall 65 not a
portion of the optical reterence 78,

Sample preparation cartridge

According to the embodiments of the coagulation systems 100, 100 and 1007

iustrated in Figures 1, 2, and 3, sample preparation in thys mvention can be realized in
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various wavs, from manual pippeting (0 an automatic tluidic control svstem. Non-himiting
exampies of microtiuidic devices and methods applicable (o the coggulation assay systems
described gbove are given below, These devices and methods are not iimiled to assavs for
coagulation and can be used for a vanety of wet chemical assays where melenng, reagent
addifion, mixing, incubation and guantification of the assay reaction product 1s needad.
Typical assavs are using enzymabic reaction 1o measure melabolites such as lactate or
creatinine or turbidineinic assays. Examples of such turbidimetnic assays are agglutination
assays such as latex agglutination where mono-disperse immune particles are complexning in
the presence of an analyte wiich can be monitored by a change in turbidity.

Flow chamber with dry reagent

Referring now o Figures 74 and 78, 1o one embodiment, a reaction chamber 38 of g
Higuid handling device 120 with a defined volume 1s formed by a microchannel plate SG
covered with g BRd 81, The reaction charnber 1s used {10 meter the sampls volume, one thud
mlet 6K 19 used to introduce the samiple, €.g., plasma, trom the bottom 60h of the reaction
chamber &8, and one tluid outict 65 at the bottom 60b of the reaction chamber 88 15 used o
discharge the excessive hguid from the tumen 83 of the reaction chamber B8, Dry reagent,
such as ivophitlized PT/APTT reagent, biotin and efe., 18 pre-siored 1 the reaction chamber
28, unttormly coated on the luminal surface of the fivst wall 86, for example. When the
plasma fills the reaction chamber 38X, the dry reagent starts to dissolve and then diffuses inte
the sample aiong the vertical direction, 1.2, from the bottom 60t of the chamber 88 {oward the
fop &0a of the chamber, The dry reagent has a velabyvely large contact area with the hqud
sampie and the diffusion distance along the vertical direction 18 relatively short, This
configuration provides a homogeneous coagulabion process across the lateral plane of the
reaction chamber 88, During operation, once the chamber € 1s tilled with sample, the assay
process starts and the Huorescence signal acguisiiion begins to {ollow the reaction Kinetics,

Flow chamber with liguid reagent

Figures 2A-802 dlusirate one embodiment of the invention dlustrating a hquid
handhing device 120 formvestigation of a savopie thud. The hquad handling device 120
comnprises a reaction chamber &8, two nlet ports and channels 66 and 68 (o deliver sample
flvid and reagent Huid into the lumen 23 of the reaction chamber, respectively, and an cutlet

channel 64 for venting of the reaction chamber 28 durmg filling., The device 120 may confain
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ane or more fhndic structures 68g and 64a, for example, to provide a conirelled and bubble
free filling of the reaction chamber fumen 83,

According io one embodiment of the liguid handhing device 120 Hustrated in
Figures 8A-8D3, the reaction chamber 38 of the device 120 1o fustly filled with a metered
amount of a liquid reapent via a first inlet 66, A bubble-free iquud filling can be achieved by a
capillary stop feature 64a next to the outlet 64, In Pigure 3A, {or example, a cylindrical
groove 1s aching as a caplblary stop 644, A capiblary stop 1s defined either by a sudden channel
opening and by the curvature of the feature 642 or by making the outlet grea 64 hydrophobic,
igures 8 to 8H tlustrate the sequential filling of reagent nto the reaction chamber X at
different points of fime from tme=0, 1o ime=3. After s melered amount of reagent has filled
into the lumen 83 of the reaction chamber 88, a metered amount of sample thad {such g3
piasma and whole blood) 15 filled into the chamber lumen &3 via the second indet 68 as
iustrated i Figures 81 {o 8L

Additional features of the embodiment shown on Figures EA-8D {ollows. The higud
nandhing device 120 is ortented in the horizontal direction, e, the top view of the liguid
handling device 120 13 as shown on Figure 88. The v-5hape 63a at the wlet channel 68 has,
for example, an opening angle of 30°. This v-Shape 6&a could have an angle ranging from §°
to RO, typically 157 10 120°, 1t 15 also noted that, according to this embodiment of the liguid
nandling device 120, the second inlet 68 and the outlet 64 1s positioned on the top side 60a of
the liquid handling device 120, while the first indet 66 18 posthioned on the botiom side 60b of
the hound handling device 120, {Mher arrangements of the miels and outlets on the top and
bottom sides of the liquid handling structure are also possible and are not limited by the
iHustrated emnbodirnent. The flow rate for sample and reagent may range from about 8.5l
o 200ul/s, typealty Z2ul/a to 1000 s,

Figure ¥ illustratively exemphifies the reaction chamber 88 after filling of reagent and
sampie have been completed. Two layers are shown: a laver ol reagent and 3 laver of sample
fhurd, The sampie laver s spread above the reagent aver across the whole surface of the tlwd
in the lumen 83 of reaction chamber 88, Therefore, it generates a large contact area between
the two liguids, namely reagent and sample. With thes large contact ares, the muxing and

thereby the reaction of the reagent and sample hauids 18 highly ellicient,
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i the iiusirated embodiments 1n Figure &, a v-shaped geometry of the indet structure
68 15 used (o support an even disiribution of the sample fluid into the reaction chamber.  As
iustrated mn Figures 8c and 24, the sample mist 68 18 connected to the top 604 of the reaction
chamber S8 whereas the reagent inlet 66 18 positioned in opposite to the bottom 80b of the
reaction chamber 8§,

Referring to Figure 104, a top view of an embodiment of 3 mioroflsidic device 50
naving our reaction chambers 88 a-d 18 dlusirated. In the dlusirated embodiment, the
reaction chambers 88 a-d are posttioned toward one side of the microfluidic device 50 but
could be posiioned i the mucrothndie card at other posifions.

Figure 108 illustrates g bottom view of the microthndic card SO incloding a plurality
of chanpels 67 that are w fhud communication with the reaction chambers 88,

Fxemplification/Proot of Principle

The embodiments of the coagulation systems 100, 1007, 100” discussed shove and
their associated assay methods for detecting coagulation of a blood or plasma sample were
cvainated with controiled plasma samples and reagents for PT and APTT assavs. In the
exampie of the double absorbance conliguration described above with respect to Figure |
and iiustrated m Figure 114, the Hluorescence module applied in the method was a PMT-
pased Tine Resolved Fluorescence (TRF} unit, flucrescence reference 78 was 4 Buropiian-
doped glass, wihich contamed precisely-controlied amount of europtum and did not have

photo bilegeh during excitation, and an LED 96 was used as a Heht sowrce, A filter 354 was

placed between the LED %6 and a dichroic murror 97, A second filier $5B was placed

between the detector 94 and the dichroic murror 897, The plasma samples included normal
contret piasma {a) and high abnormal condrel plasma (b} from Instrumentation Laboratory
Company {Orangeburg, NY 1 Coaguiation was ymetiated by introduction of a coagulation
imtiater,

Refermng to Frgure 11 R, the itensity of fluorescence signal emanating from the
tluprescence reference and transmitted (o the fluorescence detector i the double absorbance
coaguiation systern descnibed above with respect to Figures 1 and 11 A, is represenied by
curve {a} for normal control and a curve {b) {or abuormal control plasma. In both normal and

abnormual plasma samples, the thuorescence signal decreased as the coagulation inttiated,
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propagated, and reached a stable vailue when coagulation was completed, The abnormal
plasma takes a longer time to start and fivush the coagulation process than the normal plasma.
Reterring o Figure 124, an embodiment of the invention using reflection
configuration described above with respect to Figure 2 is realized. As illustrated in Figure
124, an LED 96 was used as the hight source, a Huorescence-doped glass was used as the

opiical reference 7§, and a quantitative fluorescence detector was used as the optical detector

urit 94, A hilter 95A was placed between LED 26 and a dichroic mirror 87, A second filter
958 was placed between the detector 94 and the dichroic mirror 97, The plasma samples
mmcluded a normal plasma sample {a) to which a coagulation reagent was iniroduced and a
control normal sample (b) to which water (no coagulation reagent) was introduced. The
optical signal obtained from plasma with coagulation {2} and plasma without coagulation (b)
15 tifustrated 1n figure 128, The Huorescence signal increased on sample {a) and reached a
stable value as coaguiation intfiated and propagated and reached a stable vaius when
coaguiation was completed. The control (b} used the same plasma sample but with the
addition of deionized water {(no coagulation happened).

Figure 13 shows an exemplary method {o process the optical data (o obtain the
quantitative coagulation time, In the four sieps, the onigimal data is first normalized {(Fig, 13A)
and filtered (Fig, 13B) to eliminate redundant data and noise. A first order derivative (Fig.

13C) of the onginal data 15 implemented o identifv the time spot when the quickest change of

optical signal locates. The peak position of the fivst-order derivative {Fig. 13D} 1s used as the
coaguiation start timme, Other methods can be used {o quantitatively study the cosgulation
BrOCess as well,

Yarous modifications and other impiementations of what is described and iHustrated
heretn wiil occur to thase of ordinary skiil i the art without departing from the scope and
spirtt of the invention. The invention 13 not {0 be defined only by the preceding illustrative

descniptions or drawings,
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AMENDED CLAIMS
received by the International Bureau on 18 September 2015 (18.09.2015).

1. An assay system, comprising:

a reaction chamber for holding a sample;

an excitation light source for directing an excitation light through the reaction chamber;

an optical reference for providing an optical signal which absorbs the excitation light
having passed through the reaction chamber and emits an emission light responsive to the
absorption of the excitation light, said emission light directed towards and passing through the
reaction chamber; and,

an optical detector for detecting a signal from said optical reference, said signal conveyed

via said emission light or the secondary light passing through said reaction chamber.

2. The assay system of claim 1 wherein the reaction chamber is positioned to inhibit or

enhance the signal generated from the optical reference and detected by the optical detector.

3. The assay system of claim 1 wherein the reaction chamber holds the sample in absence of

a colorimetric reagent.

4, The assay system of claim 1 wherein the excitation light source provides a specific

wavelength ranging from 20 nm to 5000 nm.

S. The assay system of claim 1 wherein the optical reference comprises an optical agent

embedded into a plastic, a glass or a silicon material substrate.

6. The assay system of claim 1 wherein said reaction chamber comprises a lumen, a planar

first wall, and a planar second wall that is opposite and parallel to said planar first wall.

7. The assay system of claim 6 wherein said planar first wall and said planar second wall are

cach optically transparent to the excitation light in a wavelength range of about 20 nm to about

5000 nm.

8. The assay system of claim 7 wherein said excitation light is in a wavelength range of

about 20 nm to about 2000 nm.

22
AMENDED SHEET (ARTICLE 19)
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9. The assay system of claim 1 wherein said reaction chamber is positioned between said

optical reterence and said optical receiver and excitation light source.
10.  (Canceled)

11. (Canceled)

12. The assay system of claim 1 wherein said optical receiver and said excitation light source

are integrated.

13.  The assay system of claim 1 wherein said optical receiver includes a light detector for

detecting emission light emitted from said optical reference.

14.  The assay system of claim 6 wherein each of said first and second planar walls of said
reaction chamber comprise a luminal surface and said first planar luminal surface is coated with

one or more reactants.

15.  The assay system of claim 1 wherein said reaction chamber further comprises a sample

inlet port and a reaction fluid outlet port.

16.  The assay chamber of claim 15 wherein said sample inlet port 1s v-shaped.
17. A method for detecting coagulation, comprising;:
(1) providing an optical configuration system comprising an optical reference for

generating an optical signal;
(11)  providing a reaction chamber for holding a fluid;
(1i1)  transmitting excitation light from a light source through said fluid in said reaction
chamber to the optical reference which absorbs the excitation light and transmits an
emission light;
(iv)  transmitting the emission light in (111) through said fluid in said reaction chamber;
(V) providing an optical detector for detecting a signal from said optical reference,
said signal conveyed via said emission light passing through said fluid in said reaction chamber;
and,
(vi)  comparing said measured emission light to a pre-determined standard for

determining coagulation time in said system.

23
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18. The assay system of claim 1 wherein said optical receiver includes a light detector for
detecting the emission_light from the optical reference or the secondary light which passed

through the reaction chamber.

19.  The assay system of claim 1 wherein said sample is selected from the group consisting of

plasma and blood.

20.  The assay system of claim 1 wherein the optical reference can be realized with an optical
technology selected from the group consisting of photometry, fluorescence, Raman spectroscopy

time-resolved fluorescence, and surface enhanced Raman spectroscopy.

21, The assay system of claim 5 wherein the optical agent is embedded in one or more walls

of the optical reference.

22.  The assay System of claim 5 wherein the optical agent is chemically or physically coated

on a surface of a substrate.

23.  The assay system of claim 1 wherein the optical reference is selected from the group
consisting of fluorescence doped glass, fluorescence stained glass, fluorescence dyed glass, and

fluorescence materials showing Raman etfect.

24.  An assay system, comprising:

a reaction chamber for holding a sample;

an excitation light source for directing an excitation light towards an optical reference,
wherein the excitation light excites an optical agent in the optical reference before a portion of
sald emission light 1s transmitted through the reaction chamber, while another portion of the
emission light 1s reflected at said reaction chamber; and
an optical detector for detecting said reflected emission light, wherein an increase in said

reflected emission light is indicative of coagulation.

25. The assay system of claim 24 wherein said optical reference is positioned between said

reaction chamber and said optical receiver and excitation light source.

26.  An assay system, comprising:

a reaction chamber for holding a sample;

24
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an excitation light source for directing an excitation light;

an optical reference for absorbing said excitation light having passed through said optical
reference, and emits a secondary light directed towards and passing through the reaction
chamber; and,

an optical detector for detecting said secondary light from said optical reference, said

signal conveyed via said secondary light passing through said reaction chamber.

25
AMENDED SHEET (ARTICLE 19)
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