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(57) ABSTRACT

The present invention provides assay devices having a
unitary body with an exterior surface, the unitary body being
substantially transparent to visible light and formed from a
material having a refractive index in the range 1.26 to 1.40,
the refractive index being measured at 20° C. with light of
wavelength 589 nm, and wherein the unitary body is formed
from a hydrophobic material, and at least two capillary bores
extending internally along the unitary body, wherein at least
a portion of the surface of each capillary bore includes a
hydrophilic layer for retaining an assay reagent, and wherein
the hydrophilic layer is also substantially transparent to
visible light to allow optical interrogation of the capillary
bores through the capillary wall. The present invention also
provides assay systems including such assay devices, meth-
ods of performing an assay using such assay devices and
method of method for manufacturing such assay devices.
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ASSAY DEVICES, METHODS FOR
CARRYING OUT ASSAYS, ASSAY KITS AND
METHOD FOR MANUFACTURING ASSAY
DEVICES

BACKGROUND TO THE INVENTION

Field of the Invention

[0001] The present invention relates to assays, methods
for carrying out assays, assay kits and methods for manu-
facturing assay kits. The invention has relevance to capillary
(especially microcapillary) assay technology.

Related Art

[0002] A number of microfluidic assay platforms have
been developed in last few decades including, microwell
plates, microbeads, microcapillary/microchannel and lateral
flow (test strip) devices.

[0003] Microcapillaries and microchannels offer high sur-
face area-to-volume ratios, short diffusion distances and the
possibility of operating continuous flow assays. Multiple
bands can be coated along the length of a microcapillary/
microchannel by, for example, photolithographic or micro-
syringe methods offering the possibility of simultaneous
detection of a panel of analytes from a single sample feed
(Mastichiadis et al., 2002). More sophisticated chip devices
can also be designed having a number of parallel microcap-
illaries or microchannels (Yacoub-George et al., 2007) run-
ning from a single injection port. Samples can be loaded into
the microcapillaries/microchannels using syringes (Chin et
al., 2011), electrokinetics (Kawabata et al., 2008) or cen-
trifugal forces (Lee et al., 2009). In the case of lateral flow
devices, such as test strips (made from fleece) and paper-
based lateral flow devices, samples can also be taken up into
the device using capillary action (Gervais and Delamarche,
2009). Sin et al., (2011) presents a detailed review of
different types of microfluidic assay devices currently in
development.

[0004] A wide range of assays can be performed in micro-
capillary and microchannel devices, including direct assays
and agglutination assays which can be used, for example, for
blood typing, the detection of pathogens or biomarkers, as
well as immunoassays such as sandwich assays. Microcap-
illary and microchannel devices are mainly produced from
glass and plastic materials.

[0005] Immunoassay devices which facilitate interroga-
tion of the capillaries by matching the refractive index of the
material from which the device is formed to the refractive
index of the sample fluid, and thereby reducing adverse
optical effects, are described in WO2011/117579 and
Edwards et al. (2011). In these immunoassay devices, a
population of first members of a respective specific binding
pair is immobilised at least at a portion of the surface of the
capillary bore. Consequently, these immunoassay devices
are not suitable for conducting assays which require release
of assay reagents, such as antibodies, from the capillary bore
surface.

[0006] In addition to immobilization, assay reagents can
also be preloaded inside microcapillaries and microchan-
nels, using e.g. liquid reagents within blisters, dried reagent
pouches, and so on (Madou et al., 2001; van Oordt et al.,
2013).

Jan. 25, 2018

[0007] Trapping of immunophenotyping reagents in a
dried gelatine layer sandwiched between two glass slides has
also been described (Beck et al., 2001; Beck et al., 2012-
WO02011/143075A2). However, this has not been applied to
microcapillaries or microchannels. Furthermore, the volume
of the gelatine layer available after surface coating of
microcapillaries or microchannels would be extremely
small, making it unlikely that a sufficient quantity of assay
reagents could be trapped in such a gelatine layer to perform
the assay. WO2011/143075A2 further makes it clear that the
gelatine layer dissolves when a sample fluid is added. A
device comprising such a gelatine coating therefore can only
be used once. Embedding of assay reagents in a hydrogel is
mentioned in Fujii et al. (2012), while Uchiyama et al.
(2012) describes trapping of fluorescent substrates within a
soluble PEG-based coating inside a microchannel. A hydro-
gel network inside microcapillaries which holds a covalently
immobilised fluorescent substrate, and a second soluble
coating containing an enzyme-labelled antibody is described
in Wakayama et al. (2012). Gervais and Delamarche (2009)
describe coating microchannels of a microfluidic chip for
performing fluorescence immunoassays using Pluronic®
F108 to facilitate retention of antibodies and sample loading.

[0008] Flow through chips made of porous material such
as silicon or glass functionalized with active chemical
groups to allow antibodies to be immobilized on the channel
walls have also been described (US2008/020453), as have
devices (“platens”) made of glass with an array of through-
holes, wherein the interior walls of the through-holes may be
coated with antibodies, target antigen, or with a hydrophilic
coating (US2002/094533). WO03/042697 further describes
a device (“assay-carrier”) with through holes which may be
hydrophilic and coated with antibodies.

[0009] Coating of non-porous fluorocarbon beads and
stabilisation of the coating by cross-linking with glutaral-
dehyde is described in McCreath et al. (1997). Surface
coating of plastic surfaces has also been described (Car-
neiro-da-Cunha et al., 2010; Huang et al., 2011; and Lin et
al., 2005). The surface modification of flat hydrophobic
substrates, including FEP, with high molecular weight poly-
vinylalcohol (PVA) has been described in Kozlov et al.
(2003) and U.S. Pat. No. 7,179,506 B2. However, flat
substrates, like those described in Kozlov et al. (2003) and
U.S. Pat. No. 7,179,506 B2, are not suitable for use as assay
devices, both because of their flat geometry and because
there is no indication how assay reagents could be loaded
onto such a surface. The coating techniques for flat sub-
strates described in Kozlov et al. (2003) and U.S. Pat. No.
7,179,506 B2, such as immersion in a PVA solution, are also
not suitable for coating capillaries.

SUMMARY OF THE INVENTION

[0010] The present inventors note that there is a lack of
microcapillary assay devices which allow simple fluid han-
dling in a similar way to membrane-based lateral flow
technologies, which are able to take up fluids by capillary
action. Simplifying fluid handling would not only simplify
the operation of the microcapillary assay devices, as nor-
mally fluid handling equipment such as aspirators or
syringes are needed for this purpose, but also reduce the cost
of such devices.

[0011] Accordingly, the present inventors have devised the
present invention in order to address this disadvantage.
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[0012] As discussed above, microcapillary assay devices
normally require syringes or aspirators for fluid handling,
such as fluid uptake into the microcapillary.

[0013] Microcapillary assay devices are ideally made
from thermoplastic plastics. However, optically clear ther-
moplastic materials, such as fluoropolymers, which allow
detection of reactions through the microcapillary wall can be
highly hydrophobic. As a result, microcapillaries or micro-
channels made from these materials require the use of high
pressure differences to introduce aqueous sample liquids
into the microcapillary or microchannel.

[0014] The present inventors have realised that very long
plastic microcapillaries can be coated with a hydrophilic
layer on the internal surface of the microcapillary without
affecting the overall optical properties of the microcapillary
wall (as example way of including a hydrophilic layer on the
internal surface of a microcapillary bore). In particular, the
present inventors realised that such a hydrophilic layer is
effective in decreasing the contact angle of a sample fluid
with the microcapillary wall and air, making the internal
wall of the capillary or channel sufficiently hydrophilic for
a sample fluid to be taken up into the microcapillary by
capillary action. The possibility of coating the internal
surface of microcapillaries, in particular microcapillaries
made by melt-extrusion, such as fluorinated ethylene poly-
propylene (FEP) microcapillaries, is surprising as the sur-
face of the capillary bores is very rough, which means
surface charge and properties of an FEP microcapillary are
not the same as in the case of a flat FEP sheet. Furthermore,
coating of fluoropolymer microcapillaries, such as FEP
microcapillaries, with a hydrophilic layer requires solutions
to be pumped through the capillaries—the capillaries cannot
be coated by simply dipping capillaries into a solution
because they are very hydrophobic therefore repel aqueous
fluids.

[0015] In addition, the present inventors observed that
assay reagents, such as antibodies, enzymes, enzyme sub-
strates, and dyes, can be reversibly retained in or on the same
hydrophilic layer, so that when one end of the microcapillary
is brought into contact with a sample fluid, the sample
quickly rises in the capillary due to capillary forces and the
assay reagent retained in the hydrophilic layer diffuses into
the sample fluid from the hydrophilic layer. This is particu-
larly valuable for assays in which mixing of the sample with
the assay reagent is required, including blood typing. The
present inventors also noted that when the optical properties
and geometry of the microcapillary were favourable to direct
optical interrogation, qualitative and quantitative assays
could be performed in the microcapillaries in a reduced
amount of time, with the result being detectable either by
naked eye or using simple optical detection devices such as
charge-coupled devices (CCD) or complementary metal-
oxide-semiconductor (CMOS) digital image sensors.
[0016] The inventors also observed that the velocity of
liquid rising in the microcapillary can be manipulated by
controlling the shape and internal diameter of the microcap-
illary and/or modifying the wetting properties of hydrophilic
layer. The wetting properties can be modified by choosing
the type of polymer to be used in the coating process, and
has a direct impact in the contact angle of the fluid with the
capillary wall. In situations where there are two or more
microcapillaries, the liquid sample rises simultaneously
through all the capillaries allowing duplicate assays and/or
different assays to be performed in the microcapillaries
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through the selection of appropriate assay reagents retained
in the hydrophilic layer of the capillaries. This is relevant,
for example, in blood typing, where the agglutination of red
blood cells needs to be tested for a panel of antibodies
against different blood group antigens. As used herein, the
term retention and retaining includes, but is not limited to,
adsorption and/or deposition of assay reagents on the hydro-
philic layer.

[0017] Accordingly, in a first preferred aspect of the
invention, there is provided an assay device having:

[0018] a unitary body with an exterior surface, the
unitary body being substantially transparent to visible
light and formed from a material having a refractive
index in the range 1.26 to 1.40, the refractive index
being measured at 20° C. with light of wavelength 589
nm, and

[0019] at least two capillary bores extending internally
along the unitary body, wherein at least a portion of the
surface of each capillary bore includes a hydrophilic
layer for retaining an assay reagent, and

[0020] wherein the hydrophilic layer is also substan-
tially transparent to visible light to allow optical inter-
rogation of the capillary bores through the capillary
wall.

[0021] Preferably, at least a portion of the surface of each
capillary bore is coated with a hydrophilic layer for retaining
an assay reagent. Preferably, an assay reagent is retained at
least at a portion of the hydrophilic layer or hydrophilic
layer-coated surface of one or more capillary bores of the
assay device.

[0022] As mentioned above, the present inventors realized
that a hydrophilic layer is also advantageous for retaining
assay reagents. The retention is preferably reversible in that
an assay reagent retained at the hydrophilic layer is released
when the hydrophilic layer is brought into contact with a
sample fluid. This is allows the assay reagent to diffuse into
the sample fluid thereby allowing the detection of a sub-
stance of interest present in the sample fluid. For example,
where the sample fluid is whole blood, an antibody retained
at the hydrophilic layer can diffuse out from the hydrophilic
layer and into the blood sample and cause agglutination of
red blood cells in the blood sample where the red blood cells
have the cognate antigen of the antibody on their surface.
[0023] It is noted here that the retention of an assay
reagent by the hydrophilic layer may stand as an indepen-
dent aspect of the present invention. Accordingly, in one
aspect, the present invention provides an assay device hav-
ing:

[0024] a unitary body with an exterior surface, the
unitary body being substantially transparent to visible
light and formed from a material having a refractive
index in the range 1.26 to 1.40, the refractive index
being measured at 20° C. with light of wavelength 589
nm, and

[0025] at least one capillary bore extending internally
along the

[0026]
[0027] wherein at least a portion of the surface of the
capillary bore includes a hydrophilic layer and,

[0028] wherein an assay reagent is retained at least at a
portion of the hydrophilic layer of the capillary bore,
and

unitary body,
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[0029] wherein the hydrophilic layer is also substan-
tially transparent to visible light to allow optical inter-
rogation of the capillary bores through the capillary
wall.

[0030] Preferably, at least a portion of the surface of each
capillary bore is coated with a hydrophilic layer for retaining
an assay reagent. In addition, or alternatively, to one or more
assay reagents being reversibly retained at the hydrophilic
layer, one or more assay reagents may be irreversibly
retained at the hydrophilic layer. For example, the irrevers-
ibly retained reagent(s) may be covalently bound to the
hydrophilic layer. This allows, for example, sandwich
immunoassays to be performed using the assay device by
covalently attaching a capture antibody to the hydrophilic
layer and optionally reversibly retaining a detection anti-
body at the hydrophilic layer. For example, an assay reagent,
such as an antibody, may be irreversibly retained at the
hydrophilic layer, such as using cross-linking, e.g. using
glutaraldehyde or by covalent immobilisation chemistry
well known to those skilled in the art.

[0031] It can often be difficult to reliably interrogate
capillary bores known for use in assay techniques. This is
due primarily to adverse optical effects. For example, when
viewing a capillary bore from one direction, the light from
close to the lateral sides of the bore tends to be subject to a
greater degree of refraction than the light from the centre of
the bore.

[0032] The optical signal to be optically interrogated is
generated during the assay, and this almost always takes
place in an aqueous solution/suspension. Forming a micro-
capillary assay device from a material having a refractive
index close to that of water, namely a refractive index in the
range 1.26 to 1.40, the refractive index being measured at
20° C. with light of wavelength 589 nm as set out above,
allows these adverse optical effects to be avoided to the
extent that allows a significant improvement in optical
interrogation of the capillary bore. Preferably, the refractive
index of the material is within plus or minus 0.07, more
preferably 0.06, most preferably 0.05, of the refractive index
of the sample fluid when measured at 20° C. with light of
wavelength 589 nm. For example, in the case where the
sample fluid is aqueous, a preferred lower limit for the
refractive index of the material of the body of the device is
1.28. A preferred upper limit for the refractive index of the
material of the body of the device is 1.38. The refractive
index is measured at 20° C. with light of wavelength 589
nm. Most preferably, the refractive index of the material of
the body of the device is substantially identical to the
refractive index of the sample fluid. Such an assay device is
described in WO2011/117579 and Edwards et al. (2011).

[0033] The refractive index of water is 1.33 (when mea-
sured at 20° C. with light of wavelength 589 nm, corre-
sponding to the yellow doublet sodium D line). For com-
parison, the refractive index of some other materials
commonly used in the manufacture of microcapillary assay
devices under the same conditions are: fused silica 1.46;
poly (ether urethane) 1.49; poly (methyl methacrylate) 1.49;
poly (vinyl alcohol) 1.50; polyethylene 1.51; low density
polyethylene 1.51; polyethylene terephthalate 1.57-1.58;
polystyrene 1.59; poly (vinyl chloride) 1.54.

[0034] The present inventors have also found that the
hydrophilic layer can be chosen so that it does not substan-
tially change the overall optical properties of the capillary
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wall (e.g. hydrophilic layer-coated capillary wall) compared
with, for example, a non-coated capillary wall.
[0035] In another aspect, the present invention provides a
method of performing an assay for determining the presence
of a substance of interest in a sample fluid using a device of
the present invention, the method including the steps:
[0036] Providing a sample fluid in the capillary bore(s)
of the device, thereby bringing the sample fluid into
contact with assay reagent(s) retained at the hydrophilic
layer or hydrophilic layer-coated surface of the capil-
lary bore(s); and
[0037] optically interrogating the capillary bores
through the capillary wall to determine the presence of
the substance in the sample fluid. Providing a sample
fluid in the capillary bore(s) of the device preferably
comprises bringing a sample fluid into contact with the
capillary bores of the device, and allowing the sample
fluid to rise in the capillary bores by capillary action.
Alternatively, providing a sample fluid in the capillary
bore(s) of the device preferably comprises bringing a
sample fluid into contact with the capillary bores of the
device and allowing the sample fluid to fill the capillary
bores by gravity. Preferably, bringing the assay reagent
into contact with a substance of interest results in a
measurable change, and the presence of the substance
in the sample fluid is determined from the measured
change. When the sample fluid is allowed to fill the
capillary bores by gravity, it is preferred that the length
of the capillary bore is sufficient to maintain most of the
capillary bore filled with sample fluid. This may be
achieved using known balancing of liquid pressure
head with capillary forces.
[0038] The method may be a method of detecting the
presence of a microorganism of interest in a sample fluid.
There are multiple ways in which the presence of a micro-
organism in a sample fluid may be detected. For example,
the assay reagent may be a substrate for an enzyme produced
by the microorganism of interest. In this case, reaction of the
enzyme with the substrate may result in a measurable
change, and the presence of microorganism in the sample
fluid may be determined from the measured change. Alter-
natively, the assay reagent may be a substrate metabolised
by the microorganism of interest, whereby metabolism of
the substrate by the microorganism may result in a measur-
able change, and the presence of microorganism in the
sample fluid may be determined from the measured change.
In an alternative example, the assay reagent may be a
substance which inhibits or promotes the growth of the
microorganism of interest. In this case, increased or
decreased growth, or inhibition of growth, of the microor-
ganism of interest may result in a measurable change, and
the presence of microorganism in the sample fluid may be
determined from the measured change. As a further alter-
native, binding of the assay reagent to the microorganism of
interest may result in a measurable change, and the presence
of the microorganism in the sample fluid may be determined
from the measured change. The microorganism may, for
example, be a bacterium or a fungus, such as yeast. Prefer-
ably, the microorganism is a bacterium.
[0039] Alternatively, the method may be a method of
performing a blood typing assay using a device of the
present invention, the method including the steps:
[0040] providing a blood sample in the capillary bore(s)
of the device; and
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[0041] optically interrogating the capillary bores to
determine if agglutination of red blood cells has taken
place in the capillary bores;

[0042] wherein the presence of agglutination in a cap-
illary bore indicates that the red blood cells have the
antigen, with which the antibodies are capable of
specifically binding, on their surface. Providing a blood
sample in the capillary bore(s) preferably comprises
bringing a blood sample in contact with the capillary
bores of the device, and allowing the blood to rise in the
capillary bores by capillary action.

[0043] Reliable interpretation of results is of utmost
importance when determining a patient’s blood type because
of e.g. the dangers involved in transfusing incompatible
blood into a patient. In addition, blood-typing tests should be
fast and easy to use to allow identification of a patient’s
blood type “at the bedside”, which can of vital importance
in emergency situations. Cost efficiency is also an important
consideration. The assay devices of the invention fulfil all of
these requirements.

[0044] Preferably, a sample fluid (e.g. an aqueous solution
or aqueous suspension, such as whole blood) rising in the
capillary bores by capillary action results in release of the
assay reagent retained at the hydrophilic layer. The released
assay reagent preferably diffuses into the sample fluid. The
hydrophilic layer is preferably resistant to dissolution in the
presence of a sample fluid, in other words a sample fluid
rising in the capillary bores by capillary action preferably
does not result in dissolution of the hydrophilic layer.
[0045] The present inventors have also realised that low
cost manufacture of disposable, capillary-based assay
devices, such as blood typing devices, can be difficult to
achieve. Accordingly, the inventors have devised a manu-
facturing method that allows ease of production of capillary
assay devices pre-coated with a hydrophilic polymer layer
and optionally also pre-loaded with an assay reagent. The
inventors have realised that it is possible to coat, as well as
load the first members of a specific binding pair into a long
length of a capillary body (e.g. 20 cm or longer), the
capillary body subsequently being cut to the desired length
for an assay device. The unitary body of the device may be
an extruded body, preferably a melt-extruded body. The
device may be a disposable device.

[0046] Accordingly, in another aspect, the present inven-
tion provides a method for manufacturing an assay device of
the present invention, the method including:

[0047] providing an extruded body having at least two
capillary bores extending internally along the body, the
body being substantially transparent to visible light and
formed from a material having a refractive index in the
range 1.26 to 1.40, the refractive index being measured
at 20° C. with light of wavelength 589 nm; inserting a
coating fluid into the capillary bores to coat at least a
portion of the surface of each capillary bore with a
hydrophilic layer for retaining assay reagents, wherein
the hydrophilic layer is also substantially transparent to
visible light; and forming a coated extruded body.

[0048] Preferably, the method further comprises the step
of

[0049] inserting a respective loading fluid into one or
more capillary bores of the coated extruded body, each
loading fluid comprising an assay reagent, to retain the
assay reagent(s) at least at a portion of the hydrophilic
layer-coated surface of the capillary bore(s), and
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[0050]

[0051] The present inventors have realised that use of a
loading fluid with high viscosity increases the retention of
assay reagent at the hydrophilic layer by forming a thin film
layer at the wall.

[0052] The loading fluid may have a viscosity of at least
1.3 mPa-s, at least 1.5 mPa-s, at least 1.7 mPa-s, at least 2
mPa-s, at least 4 mPa-s, at least 6 mPa-s, at least 8 mPa-s, at
least 10 mPa-s, at least 20 mPa-s, at least 30 mPa-s, at least
40 mPa-s, at least 50 mPa-s, or at least 60 mPa's when
measured at 20° C. Preferably, the loading fluid has a
viscosity of at least 6 mPa-s when measured at 20° C. Most
preferably, the loading fluid has a viscosity of at least 60
mPa's when measured at 20° C. Methods for measuring
viscosity are well known in the art and available to the
skilled person. For example, the loading fluid may comprise
at least 10% v/v, at least 20% v/v, at least 30% v/v, at least
40% v/v, at least 50% v/v, at least 60% v/v, at least 70% v/v,
or at least 80% v/v glycerol. Preferably, the loading solution
comprises at least 50% v/v glycerol. Most preferably, the
loading solution comprises at least 80% v/v glycerol. The
viscosity of a 50% v/v glycerol solution is 6.00 mPa-s when
measured at 20° C., while the viscosity of a 80% v/v glycerol
solution is 60.1 mPa's when measured at 20° C.

[0053] The step of inserting the loading fluid may be
achieved by injection of the loading fluid into the capillary
or suction of the gas from the capillary in order to draw the
loading fluid into the capillary. In one embodiment, the
capillary is substantially filled along its length with loading
fluid before excess loading fluid is removed from the cap-
illary bore. In these embodiments, the loading fluid may
form a loading fluid slug filling 50%, 60%, 70%, 80%, 90%
or more, or substantially all of the volume of the capillary
bore. In an alternative embodiment, only part of the capillary
bore is filled with loading fluid before excess loading fluid
is removed from the capillary bore. In these embodiments,
a loading fluid slug can be drawn along the capillary bore
drawn along the capillary bore loading the assay reagent
onto the device. In these embodiments, the loading fluid may
form a loading fluid slug filling less than 50%, 40% or less,
30% or less, 20% or less, 10% or less, or 5% or less of the
volume of the capillary bore. Both methods can efficiently
deposit assay reagents on the assay devices of the present
invention. The method preferably further includes the step of
removing excess loading fluid. The step of removing excess
loading fluid may be achieved by injection of the gas into the
capillary or aspiration of the loading fluid from the capillary.
Inert gas may be injected into the capillary bore after excess
loading fluid is removed (or as part of the removal of the
excess loading fluid). Such injection of gas can dry the
interior of the capillary bore having assay reagent deposited
thereupon.

[0054] Preferably, the method further includes the step of
cutting the coated, or coated and loaded, extruded body to
form the device for an assay of a required length, wherein
the coated, or coated and loaded, extruded body, before
cutting, optionally has a length of at least 20 cm.

[0055] Alternatively, the method may be a method for
manufacturing a set of n devices, the method further includ-
ing cutting the coated, or coated and loaded, extruded body
to form the set of n devices, each device having a length of
at least X, wherein the loaded extruded body, before cutting,
has a length of at least nX, or a length of at least 20 cm.

forming a coated and loaded extruded body.
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[0056] Inanother aspect, the present invention provides an
assay system for carrying out assays, the system having at
least one assay device according to the present invention,
and a holder for holding the plurality of assay device. The
holder preferably provides observation means to allow at
least a part of the assay device to be observed.

[0057] In a still further aspect, the present invention pro-
vides an assay kit including an extruded unitary body having
at least two capillary bores extending internally along the
body, the unitary body being substantially transparent to
visible light and formed from a material having a refractive
index in the range 1.26 to 1.40, the refractive index being
measured at 20° C. with light of wavelength 589 nm, and the
unitary body further having a length of at least 20 cm,
wherein at least a portion of the surface of each capillary
bore is coated with a hydrophilic layer for retaining an assay
reagent, the extruded unitary body being capable of being
cut to a required length for an assay. Preferably, an assay
reagent is retained at least at a portion of the hydrophilic
layer or hydrophilic layer-coated surface of each capillary
bore.

[0058] The kit may be provided in the form of a reel of the
coated, or coated and loaded, extruded unitary body.
[0059] Further preferred (or at least optional) features are
set out below. Unless the context demands otherwise, these
can be combined either singly or in any combination with
any aspect of the invention. Similarly, any aspect of the
invention can be combined with any other aspect of the
invention.

[0060] Preferably, in use the contact angle (0) of the
sample fluid present in the capillary bores with the hydro-
philic layer and air is less than 90 degrees, more preferably
less than or equal to 85 degrees, less or equal to 80 degrees,
less or equal to 75 degrees, less than equal to 70 degrees, or
less or equal to 65 degrees. Most preferably the contact
angle (0) of the sample fluid with the hydrophilic layer and
air is less than or equal to 65 degrees. The sample fluid may
be an aqueous solution or aqueous suspension, such as
whole blood.

[0061] Where the capillary bores are circular, the contact
angle (0) is preferably measured by bringing one end of a
capillary bore in contact with a sample fluid (e.g. an aqueous
solution or an aqueous suspension, such as whole blood) and
measuring the maximum height (h) the sample fluid reaches
in the capillary bore and calculating the contact angle (8)
using the (Young-Laplace) equation

h=4y cos(0)/pgd,

[0062] wherein y is the surface tension of the fluid, p is the
density of the fluid in g/cm®, g is the gravitational accelera-
tion and d is the mean internal diameter of the capillary. The
density of the fluid is preferably measured at 20° C.

[0063] Where the capillary bores are non-circular (e.g.
elliptical or oval), the contact angle (8) is measured by
bringing one end of a capillary bore in contact with a sample
fluid (e.g. an aqueous solution or an aqueous suspension,
such as whole blood) and measuring the maximum height
(h) the sample fluid reaches in the capillary bore and
calculating the contact angle (0) using the equation

h=(2y cos(0)/pg)*(1/a+1/b)
[0064] wherein y is the surface tension of the fluid, p is the

density of the fluid in g/cm?, g is the gravitational accelera-
tion, a is the minor axis (conjugate diameter) of the capillary
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and b is the major axis (transverse diameter) of the capillary.
The density of the fluid is preferably measured at 20° C.
[0065] Alternatively, the contact angle (6) can be mea-
sured by pumping the sample fluid (e.g. whole blood)
through a capillary bore at a constant mean superficial flow
velocity and taking a snapshot of the liquid-air front with a
microscope or other imaging equipment, and the wetting
angle, 0, is determined from the tangent of the meniscus at
the contact point of the liquid with the capillary wall. As a
further alternative, the whole meniscus can be fitted with a
semi-circle and in this case 0, can be determined using
trigonometry rules. The procedure is then repeated for
recessing flow, and 0, determined. The “dynamic” wetting
angle in capillaries is prone to hysteresis; so the contact
angle 0 is taken as the mean value of 6, and 6,.

[0066] Preferably, the thickness of the hydrophilic layer is
such that it does not substantially alter the overall optical
properties, including the refractive index, of the capillary
wall. The hydrophilic layer may be less than or equal to 20
um thick.

[0067] Preferably, the thickness of the hydrophilic layer is
less than or equal to 25 pum, less than or equal to 10 pum, less
than or equal to 5 um, less than or equal to 4 um, less than
or equal to 3 pm, less than or equal to 2 pm, less than or
equal to 1 um, less than or equal to 900 nm, less than or
equal to 800 nm, less than or equal to 700 nm, less than or
equal to 600 nm, less than or equal to 500 nm, less than or
equal to 400 nm, less than or equal to 300 nm, less than or
equal to 200 nm, or less than or equal to 100 nm. More
preferably, the thickness of the hydrophilic layer is less than
or equal to 500 nm, or less than or equal to 300 nm, most
preferably less than or equal to 300 nm. In addition, or
alternatively, the thickness of the hydrophilic layer is pref-
erably at least 10 nm, at least 20 nm, at least 30 nm, at least
40 nm, at least 50 nm, at least 60 nm, at least 70 nm, at least
80 nm, at least 90 nm, or at least 100 nm. Thickness may
refer to the mean, or median, thickness of the hydrophilic
layer.

[0068] The hydrophilic layer may be porous, preferably
Mmicro-porous.
[0069] Preferably, the hydrophilic layer comprises, or con-

sists of, a polymer such as a water-soluble polymer. The
hydrophilic layer may comprise, or consist of, polyvinylal-
cohol (PVA), preferably cross-linked polyvinylalcohol
(PVA); a cellulose derivative, such as hydroxypropylmeth-
ylcellulose (HPMC) or carboxymethyl cellulose; collagen;
poly-lysine (poly-D-lysine, poly-L-lysine, or a combination
thereof); gelatine; PVA and dextrin; PVA and dextran; PVA
and gelatine; cross-linked chitosan; or alginate and calcium,
and mixtures thereof. Preferably, the hydrophilic layer com-
prises, or consists of, cross-linked PVA, gelatine, HPMC,
PVA and dextrin or PVA and dextran. More preferably, the
hydrophilic layer comprises or consists of cross-linked PVA.
Most preferably, the hydrophilic layer comprises or consists
of cross-linked low molecular weight PVA. Hydrophilic
layers, such as hydrophilic layers comprising or consisting
of PVA or chitosan, can be cross-linked using glutaralde-
hyde, for example.

[0070] The PVA may be a low molecular weight PVA. For
example, the PVA may have a molecular weight of at least
10,000 g/mol, at least 11,000 g/mol, at least 12,000 g/mol,
or at least 13,000 g/mol. Preferably, PVA has a molecular
weight of at least 13,000 g/mol. In addition, or alternatively,
PVA may have a molecular weight of up to 25,000 g/mol, up



US 2018/0021773 Al

to 24,000 g/mol, or up to 23,000 g/mol. Preferably, PVA has
a molecular weight of up to 23,000 g/mol. The molecular
weight of PVA in this context refers to the molecular weight
of PVA prior to any cross-linking.

[0071] Alternatively, the PVA may be a high molecular
weight PVA. The PVA may have a molecular weight of at
least 100,000 g/mol, at least 110,000 g/mol, at least 120,000
g/mol, at least 130,000 g/mol, or at least 140,000 g/mol.
Preferably, PVA has a molecular weight of at least 140,000
g/mol. In addition, or alternatively, PVA may have a molecu-
lar weight of up to 210,000 g/mol, up to 200,000 g/mol, or
up to 190,000 g/mol. Preferably, PVA has a molecular
weight of up to 190,000 g/mol. Again, the molecular weight
of PVA in this context refers to the molecular weight of PVA
prior to any cross-linking.

[0072] Preferably, the surface of the capillary bore coated
with the hydrophilic layer is substantially evenly, or sub-
stantially uniformly, coated with the hydrophilic layer. In
other words, the hydrophilic layer is preferably substantially
evenly, or substantially uniformly, distributed on the portion
of the capillary bore coated with the hydrophilic layer.
Without wishing to be bound by theory, a substantially even
or uniform coating is thought to improve uptake of sample
fluids by the capillary by capillary action. A substantially
even, or substantially uniform, coating may refer to a
continuous or a discontinuous hydrophilic layer. Preferably,
the hydrophilic layer is continuous.

[0073] Alternatively, the hydrophilic layer comprises, or
consists of a surfactant. Examples of surfactants include, but
are not limited to, polyethylene glycol ethers, oleic acid,
alkyl sulfonates, alkylsuccinamates, and polyethylene oxide.

[0074] The hydrophilic layer is suitable for retaining an
assay reagent. “Retaining” or “retention”, as referred to
herein, is preferably reversible. Preferably, retention of an
assay reagent by the hydrophilic layer is reversed when the
hydrophilic layer is brought into contact with a sample fluid,
e.g. an aqueous solution, or an aqueous suspension, such as
whole blood. In use, an assay reagent retained by the
hydrophilic layer is made available to a sample fluid present
in the capillary bore. Thus, where an assay reagent is
retained at least at a portion of the hydrophilic layer or
hydrophilic layer-coated surface of each capillary bore, said
assay reagent is made available to a sample fluid present in
the capillary bore. Where the hydrophilic layer comprises a
polymer, an assay reagent may, for example, be retained by
the hydrophilic layer through entrapment within the polymer
chains and released by diffusion when brought into contact
with a sample fluid.

[0075] As mentioned above, the hydrophilic layer may be
cross-linked. Cross-linking may increase the hydrophilicity
of the hydrophilic layer, thereby increasing the speed by
which a sample brought into contact with one end of the
capillary bore is taken up into the capillary bore by capillary
action. The layer may, for example, be cross-linked by
means of a chemical cross-linking agent, heat, or ultraviolet
radiation. Exemplary chemical cross-linking agents include
glutaraldehyde and paraformaldehyde, and bi-functional
reactive cross-linkers such as bis-epoxy polyethylene glycol.
Non-covalent cross-linking methods may also be used, such
as using hydrogen bonding between polymer chains, elec-
trostatic interactions between polymer chains (e.g. posi-
tively charged polymer cross-linked with negatively-
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charged polymer), cross-linking using a divalent ion,
particularly a divalent cation (e.g. calcium cross-linking of
alginate polymer).

[0076] Preferably, in use a sample fluid brought into
contact with one end of the capillary bores rises in the
capillary bores by capillary action.

[0077] In addition to being substantially transparent to
visible light, the material of the body of the device may also
be substantially transparent to electromagnetic radiation in
the invisible spectrum, e.g. ultraviolet (UV) light.

[0078] Preferably the unitary body is formed from a
hydrophobic material. The hydrophobic material is prefer-
ably a polymer, most preferably a fluoropolymer. The fluo-
ropolymer may be fluorinated ethylene polypropylene
(FEP), tetrafluoroethylene hexafluoropropylene vinylidene
fluoride (THV), perfluoroalkoxy (PFA), polytetrafluoroeth-
ylene (PTFE), ethylene tetrafluoroethylene (ETFE), or poly
(chlorotrifluoroethylene) (PCTFE). Most preferably, the uni-
tary body is formed from FEP.

[0079] The capillary bores may have an inner diameter of
at least 10 pm. Preferably, the inner diameter is at least 50
pm. The inner diameter may be up to 1 mm. More prefer-
ably, the inner diameter is 100 to 500 pm, most preferably
100-200 pm. For example, the inner diameter of the capil-
lary bores may be 100 pm, 200 um, 300 pm, 400 um, or 500
um. Where the capillary bores are elliptical or oval, the
capillary bores may have a minor axis (conjugate diameter)
of'at least 10 um. Preferably, the minor axis is at least 50 pm.
The minor axis may be up to 1 mm. More preferably, the
minor axis is 100 to 2500 um, most preferably 100-200 pm.
For example, the minor axis of the capillary bores may be
100 pm, 200 pum, 300 um, 400 pm, or 500 um. The smaller
the diameter or minor axis of the capillary bores, the higher
a sample fluid will rise in the capillary bores by capillary
action. This can be calculated according to the Young-
Laplace equation presented above. Where the minor axis and
the major axis differ substantially (i.e. a<<b), the minor axis
controls the liquid height in the capillary.

[0080] The maximum fluid height in the capillary bore and
the velocity of sample fluid rising in capillary bore can be
controlled by the diameter and shape of the capillary and by
the hydrophilic layer, as both of these factors influence the
contact angle of the sample fluid with the hydrophilic layer
or hydrophilic layer-coated capillary bore surface and air.
[0081] A small inner diameter or minor axis for the
capillary bores is also advantageous as assay reagents, such
as antibodies, retained in or at the hydrophilic layer require
time to diffuse and react with the sample fluid rising in a
capillary bores by capillary action. For example, the time for
diffusion of an assay reagent, such as an antibody (assuming
D==1x10"'° m? s7!) in a capillary bore with a diameter or
minor axis of 200 pum is less than 100 s, where D is the
diffusivity of the molecule through water. This allows, for
example, an agglutination reaction to take place in the
capillary bore in the same time scales that it takes blood to
rise in the capillary bore by capillary action (typically 30 to
120 s). The fast release of assay reagents from the hydro-
philic layer in combination with the very short diffusion
times thereby allow reactions to take place between the
assay reagent and a substance of interest present in a sample
fluid as the sample fluid rises in the capillary bore by
capillary action.

[0082] The cross sectional shape of the capillary bores
may be circular. However, more preferably it is oval or
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elliptical, in view of the preferred manufacturing technique
for the device. In that case, the “inner diameter” is to be
taken as the minor axis of the capillary bore in cross section.
[0083] The device may have more than two capillary bores
formed in the unitary body. For example, the device may
have 3, 4, 5, 6, 7, 8, 9, 10 or more capillary bores. It is
possible to manufacture a suitable device with 20 capillary
bores, or more.

[0084] Preferably, the capillary bores are formed substan-
tially parallel to each other.

[0085] Preferable, an assay reagent is retained at least at a
portion of the hydrophilic layer or hydrophilic layer-coated
surface of one or more capillary bores.

[0086] One capillary bore in the device may have a
differently-treated surface from at least one other capillary
bore in the device. This may provide a measurable difference
in assay performance between the bores. For example, one
bore may have a different assay reagent, or a different
concentration of assay reagent, retained at the hydrophilic
layer or hydrophilic layer-coated surface of the capillary
bore than another bore.

[0087] An assay reagent, as referred to herein, may be any
substance suitable for detecting or determining the presence
of a substance of interest in a sample. Preferably, bringing
the assay reagent in contact with a substance of interest
directly, or indirectly, results in a measurable change. The
measurable change may, for example, be a change in colour,
a change in fluorescence, or agglutination of the substance
of interest.

[0088] For example, the assay reagent may be selected
from the group consisting of: a population of first members
of'a respective binding pair, each first member being capable
of specifically binding with a second member of the respec-
tive binding pair; an enzyme; an enzymatic substrate; a dye;
a pH indicator (such as a pH indicator dye); a substance
which inhibits or promotes growth of a microorganism (such
as a bacterium); particle reagents (such as microparticles,
nanoparticles and microbeads, including but not limited to
latex particles, gold nanoparticles and fluorescence beads);
and a metabolic substrate for a microorganism (such as a
bacterium).

[0089] Where the assay reagent is a population of first
members of a respective binding pair, one bore in the assay
device may have first members of a different specific binding
pair, or a different concentration of first members, retained
at the hydrophilic layer or hydrophilic layer-coated surface
of the capillary bore compared with another bore.

[0090] In some embodiments, at least one reference cap-
illary bore may be provided without said assay reagent
retained at the hydrophilic layer or hydrophilic layer-coated
surface of the capillary bore. The reference bore may be
treated with a reference protein, such as BSA. Furthermore,
it is possible for two or more capillary bores to have the
same assay reagent retained at the hydrophilic layer or
hydrophilic layer-coated surface of the capillary bore, in
order to provide measurement redundancy in the device. In
this case the capillary bores are said to have received
identical treatment.

[0091] Still further, it is possible for two or more capillary
bores to receive identical treatment and for one or more
other bores in the same device to receive different treatment,
to provide combinations of these advantages.

[0092] Preferably, an assay device as referred to herein is
a portable assay device, e.g. a hand-held assay device.
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[0093] An assay device, as referred to herein, may be an
assay device for carrying out a blood typing assay. The
population of first members may a population of antibodies,
and said antibodies may be capable of specifically binding
with an antigen present on the surface of some types of red
blood cells thereby causing agglutination of said red blood
cells. The red blood cells are preferably human red blood
cells. Similarly, blood or whole blood, as referred to herein,
is preferably human blood or human whole blood. A pre-
ferred assay device is for determining an individual’s ABO
blood type and comprises at least two capillary bores,
wherein one bore has anti-A antibodies retained at the
hydrophilic layer or hydrophilic layer-coated surface of the
capillary bore and at least one other bore has anti-B anti-
bodies retained at the hydrophilic layer or hydrophilic
layer-coated surface of the capillary bore. The assay device
may have a further capillary bore, wherein said capillary
bore has anti-D antibodies retained at the hydrophilic layer
or hydrophilic layer-coated surface of the capillary bore for
determining whether an individual is Rhesus positive or
Rhesus negative.

[0094] Alternative or additional antibodies which can be
retained in the hydrophilic layer are antibodies specific for
Rh, Kell, Kidd, Duffy, MNS, P, Lewis, or Lutheran blood
system antigens. Antibodies for blood typing are commer-
cially available, for example from Alba Bioscience. Prefer-
ably, antibodies as referred to herein are monoclonal anti-
bodies.

[0095] “Agglutination” refers to the clumping together of
particles, e.g. red blood cells, suspended in a liquid in the
presence of an antibody or other first binding member of a
specific binding pair capable of binding more than one
second binding member of the specific binding pair present
on the particles simultaneously.

[0096] By binding multiple particles, the antibody or other
first binding member joins them, creating a larger complex.
[0097] Preferably, the exterior surface of the body
includes a measurement first surface and a measurement
second surface. In use, it is intended that light will be
transmitted through the device from the measurement first
surface to the measurement second surface. These surfaces
may, for example, be upper and lower major surfaces of the
body. Preferably one or both of the measurement first
surface and the measurement second surface extend sub-
stantially parallel with the principal axes of the capillary
bores. One or both of the measurement first surface and the
measurement second surface may extend substantially par-
allel with the arrangement direction of the capillaries.
[0098] One or both of the measurement first surface and
the measurement second surface may be substantially pla-
nar. The advantage of this is that optical distortions due to
refraction at the measurement surfaces can be reduced or
avoided. In turn, this can improve the signal-to-noise ratio of
a measurement taken by optical interrogation of the capillary
bores. Note that typically the body also includes side sur-
faces. The shape of the side surfaces is not considered to be
critical, since preferably optical interrogation of the capil-
lary bores does not take into account light from or close to
the side surfaces.

[0099] Preferably, the length of the coated, or coated and
loaded, extruded body, before cutting, is at least 50 cm. The
length may be greater, e.g. at least 1 m, preferably at least 2
m, 3 m, 4 m, or 5 m. Most preferably the length of the
extruded body, before cutting, is at least 5 m.
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[0100] The assay may be performed including an optical
interrogation step. Preferably, this is performed to provide a
pixellated image of one or more, or all, of the capillaries. For
example, a digital camera, such as a charge-coupled device
(CCD) camera, digital microscope, or flatbed scanner may
be used. Generally, charge-coupled imaging devices or
devices comprising metal-oxide-semiconductor (CMOS)
digital image sensors are preferred.

[0101] In the case of a blood-typing assay, when blood is
brought into contact with an assay device of the present
invention, the blood rises in the capillary bores by capillary
action until it reaches the maximum height possible under
the particular conditions in the absence of agglutination.
This is referred to herein as h,,,,,,.. If the antibodies present in
the hydrophilic coating of a capillary bore cause agglutina-
tion of the red blood cells, the flow of the blood in the
capillary bore is retarded, with result that the blood does not
reach h, .. Thus, agglutination can be detected by measur-
ing the grey-scale intensity along a short section of the (or
each) capillary nearh,, .. For the capillaries where the blood
did not agglutinate (and therefore was capable of reaching
h,,..) the plot will reveal a strong signal corresponding to
strong light absorption, whereas for the capillaries where the
red blood cells have agglutinated the plot will show no
signal compared to background because of the absence of
red blood cells in the area scanned. Alternatively, aggluti-
nation can be detected by plotting the greyscale along a short
section, preferably 5 mm or less in length, of the (or each)
capillary at a reference distance, e.g. h,,, /2. In this case,
agglutination of red blood cells results in high signal vari-
ability, whereas non-agglutinated blood presents as a very
homogenous colour intensity plot along the imaging section.
[0102] Alternatively optical interrogation may be by direct
optical observation, i.e. using the naked eye. In this case, a
short section of the capillary, preferably 5 mm or less in
length, may be viewed across the microcapillary array at a
reference distance, e.g. h, /2, and the result of assay
optically detected. For example, in the case of a blood-
typing assay, agglutinated blood would present as patches of
red blood cells. In the case of such direct optical observation,
a magnifying device may be used, such a plastic magnifier
or magnifying glass.

[0103] Matching of the refractive index of body of the
device to that of the sample fluid is advantageous both for
digital (e.g. using a digital camera or flatbed scanner) and
naked-eye detection of assay reactions.

[0104] An assay system may have a plurality of assay
devices of the invention, and the holder may be for holding
the plurality of assay devices. Preferably, in such an assay
system, the holder holds the assay devices in a substantially
planar array.

[0105] Furthermore, preferably the holder provides obser-
vation means (such as an observation window) to allow at
least a part of the (or each) assay device to be observed. For
example, the observation means may allow the (or each)
assay device to be observed at h,,, and/or h,,,./2. The
observation means may also allow each assay device to be
optically interrogated for measurement.

[0106] The holder preferably also allows the assay to
proceed whilst the assay device(s) are held in the holder.
[0107] The system may further include a tray having an
arrangement of wells adapted to receive reagents, sample
fluids or other liquids required for the assay. The tray is
preferably further adapted to receive at least an end of the (or
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each) assay device when the assay device(s) are held in the
holder. This allows one end of each capillary bore to be in
fluid communication with a liquid held in the respective
well.

[0108] The term binding pair, as used herein, refers to a
first member and a second member which are capable of
specifically binding with one another. Examples of binding
pairs include antigen-antibody. A first member of a specific
binding pair may, for example, be an antibody. A second
member of a specific binding pair may be an antigen, e.g. an
antigen present on the surface of some red blood cells which
is indicative of a particular blood type.

[0109] The term “antibody” describes an immunoglobulin
whether natural or partly or wholly synthetically produced.
The term also covers any polypeptide or protein comprising
an antibody antigen-binding site. Thus, this term covers
antibody fragments, derivatives, and chimeric molecules
comprising an antibody antigen-binding site, or equivalent,
fused to another polypeptide (e.g. derived from another
species or belonging to another antibody class or subclass).
[0110] Antibody fragments that comprise an antibody
antigen-binding site include, but are not limited to, antibody
molecules such as Fab, Pd, Fv, dAb, isolated CDR regions,
F(ab")2, Fab', Fab'-SH, scFv, bispecific single chain Fv
dimmers; and diabodies. Such antibody fragments are well
known in the art.

[0111] An antigen-binding site as referred to herein is the
part of a molecule that binds to and is complementary to all
or part of the target antigen. In an antibody molecule it is
referred to as the antibody antigen-binding site, and com-
prises the part of the antibody that binds to and is comple-
mentary to all or part of the target antigen. Where an antigen
is large, an antibody may only bind to a particular part of the
antigen, which part is referred to as an epitope. An antibody
antigen-binding site may be provided by one or more
antibody variable domains. An antibody antigen-binding site
may comprise an antibody light chain variable region (VL)
and an antibody heavy chain variable region (VH).

[0112] An antigen as referred to herein is any substance
which can specifically bind with an antibody. Such sub-
stances include: proteins, peptides, polysaccharides, nucleic
acids, and small molecules (e.g. haptens). Antigens may be
proteins, carbohydrates, glycoproteins, and glycolipids, in
particular, proteins, carbohydrates, glycoproteins, and gly-
colipids present on surface of some types of red blood cells.
Detection of such antigens allows determination of an
individual’s blood type, or the measurement of antigen
dissolved in a biological sample.

[0113] The terms “specific” and “specifically” as used
herein may refer to the situation where one member of a
specific binding pair will not show any significant binding to
molecules other than its specific binding partner(s), e.g. the
other member of the specific binding pair. These terms also
apply where e.g. an antigen binding domain is specific for a
particular epitope which is carried by a number of antigens,
in which case the specific binding member carrying the
antigen binding domain will be able to bind to the various
antigens carrying the epitope.

[0114] The term “comprise” is generally used herein in the
sense of include, i.e. permitting the presence of one or more
additional features or components.

“and/or” where used herein is to be taken as specific
disclosure of each of the two specified features or compo-
nents with or without the other. For example “A and/or B”
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is to be taken as specific disclosure of each of (i) A, (i) B
and (iii) A and B, just as if each is set out individually herein.
[0115] Unless context dictates otherwise, the descriptions
and definitions of the features set out above are not limited
to any particular aspect or embodiment of the invention and
apply equally to all aspects and embodiments which are
described.

[0116] Certain aspects and embodiments of the invention
will now be illustrated by way of example and with refer-
ence to the figures described below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0117] FIG. 1 is a schematic diagram of an extrusion
apparatus for use in manufacturing assay devices according
to a preferred embodiment of the invention.

[0118] FIG. 2 is a schematic cross section through the die
shown in FIG. 1.

[0119] FIG. 3 is a schematic view from below of the die
shown in FIG. 1.

[0120] FIGS. 4A-D illustrate the effect of refractive index
of the body of the capillary assay device on optical distor-
tions during optical interrogation.

[0121] FIG. 5A summarises the variation of the signal and
noise with the refractive index for MCF-FEP (Fluorinated
Ethylene Polypropylene microcapillary film) and MCF-EVA
(ethylene vinyl acetate microcapillary film).

[0122] FIG. 5B summarises the variation of signal-to-
noise ratio in MCF-FEP and MCF-EVA.

[0123] FIG. 6 shows a liquid sample being drawn by
capillary action into an FEP microcapillary pre-coated with
a hydrophilic polymer and pre-loaded with an assay reagent.
Assay reagents are released by fluid convection and rapid
molecular diffusion in the small diameter microcapillary.
[0124] FIG. 7A shows that the mean contact angle in a 10
bore FEP microcapillary film can be reduced by coating the
microcapillaries overnight with low molecular weight PVA,
and cross-linking for 0.5 to 2 hours. FIGS. 7B and 7C show
that the equilibrium contact angle does not change when the
microcapillary is used multiple times, demonstrating that the
coating is stable both when cross-linked and when not
cross-linked. FIG. 7D shows mean contact angle of capil-
laries with respect to the time the capillaries were incubated
with the coating solution. Capillaries were coated with
cross-linked or uncross-linked low molecular weight
(LMW) or cross-linked or uncross-linked high molecular
weight (HMW) PVA. FIG. 7E shows x-ray photoelectron
spectroscopy data of capillaries coated with cross-linked or
uncross-linked low molecular weight (LMW) or cross-
linked or uncross-linked high molecular weight (HMW)
PVA with respect to the time the capillaries were incubated
with the coating solution.

[0125] FIG. 8 shows the capillary rise (in cm) in FEP
microcapillaries coated with different hydrophilic polymer
layers.

[0126] FIG. 9 shows tapping-mode 10*10 um Atomic
Force Microscopy images of the internal surface of an FEP
microcapillary coated with gelatine (polymer B), HPMC
(polymer C) and PVA (polymer A) cross-linked with glut-
araldehyde. The reduction in contact angle is related to the
surface coverage of the coating, with cross-linked PVA
being the most effective at reducing the contact angle. An
even coating is advantageous for achieving consistent cap-
illary rise.
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[0127] FIG. 10 shows FITC-labelled antibody (IgM)
retained in the cross-linked PVA coating inside a dried
microcapillary (left-hand panel). When the capillary is
partly filled, a high concentration of antibody is transported
through the capillary by the liquid at the liquid-air interface
(central panel). In the filled capillary, the antibody diffuses
out of the cross-linked PVA coating into the capillary
volume (right-hand panel).

[0128] FIG. 11 shows that IgG and IgM molecules (which
have different molecular weights) are released at different
rates into the capillary volume from a cross-linked PVA
coating.

[0129] FIGS. 12-14 illustrate a method of manufacturing
an assay device according to an embodiment of the present
invention. FIG. 12 shows bulk immobilisation of blood
typing reagents in a long microcapillary array. FIG. 13
shows cutting of long pre-coated capillary array with anti-
body solution immobilised on the inner wall of the capil-
laries to produce individual test strips. FIG. 14 shows
fabrication of multiplex dip-stick for instantaneous blood
typing from a drop of blood.

[0130] FIG. 15 shows release of antibody solution from
the hydrophilic layer retained on the microcapillary wall.
[0131] FIG. 16A shows results of anti-A, anti-B and
anti-D (Rhesus) tests from an A+ blood type in pre-coated a
hydrophilic microcapillary film produced from FEP.
[0132] FIG. 16B shows the greyscale profile plot showing
high greyscale variability and a decrease in red blood cells
concentration along the film, representing a positive agglu-
tination test with anti-A.

[0133] FIG. 16C shows the greyscale profile plot showing
reduced greyscale variability and constant red blood cells
concentration along the film, representing a negative agglu-
tination test with anti-B.

[0134] FIG. 16D shows the greyscale profile plot showing
high greyscale variability and a decrease in red blood cells
concentration along the film, representing a positive agglu-
tination test with anti-A.

[0135] FIG. 17A shows the result of an anti-A test for an
A+ blood type in a dip-stick format.

[0136] FIG. 17B shows the separation of red blood cells
from blood serum upon positive blood agglutination (illus-
trated with anti-A test to an A+ blood type).

[0137] FIG. 17C shows the greyscale profile plot showing
the separation of the plasma/buffer from the red blood cells
along a capillary.

[0138] FIG. 18A shows multiplex blood grouping tests in
pre-coated MCF-FEPs for different blood types (A+, B+ and
O+). The capillaries were coated according to the coating
pattern shown in FIG. 12.

[0139] FIG. 18B shows direct detection (i.e. naked-eye
detection) of agglutination in the capillaries coated accord-
ing to the coating pattern shown in FIG. 12.

[0140] FIGS. 18C-L show greyscale profile plots along the
capillaries in the imaging section of blood sample 1 in FIG.
18B. Specifically, FIG. 18C shows the greyscale profile plot
along capillary 1 in imaging section of blood sample 1 in
FIG. 18B. FIG. 18D shows the greyscale profile plot along
capillary 2 in imaging section of blood sample 1 in FIG.
18B. FIG. 18E shows the greyscale profile plot along
capillary 3 in imaging section of blood sample 1 in FIG.
18B. FIG. 18F shows the greyscale profile plot along
capillary 4 in imaging section of blood sample 1 in FIG.
18B. FIG. 18G shows the greyscale profile plot along
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capillary 5 in imaging section of blood sample 1 in FIG.
18B. FIG. 18H shows the greyscale profile plot along
capillary 6 in imaging section of blood sample 1 in FIG.
18B. FIG. 18I shows the greyscale profile plot along capil-
lary 7 in imaging section of blood sample 1 in FIG. 18B.
FIG. 18] shows the greyscale profile plot along capillary 8
in imaging section of blood sample 1 in FIG. 18B.

[0141] FIG. 18K Greyscale profile plot along capillary 9
in imaging section of blood sample 1 in FIG. 18B. FIG. 18L.
shows the greyscale profile plot along capillary 10 in imag-
ing section of blood sample 1 in FIG. 18B.

[0142] FIG. 19 shows blood rising in capillary coated with
PVA by capillary action. Either BSA (control), anti-A,
anti-B, or anti-D by capillary action is retained in the PVA
coating, as indicated. This figure demonstrates the very fast
kinetics of an assay performed in an assay device of the
present invention.

[0143] FIG. 20 shows the results of a sandwich ELISA
performed in FEP microcapillaries coated with cross-linked
low molecular weight PVA.

[0144] FIG. 21 shows a schematic of a method for efficient
deposition of assay reagents in the inner surface of the
coated capillaries.

[0145] FIG. 22A shows liquid deposition in the wall of a
200 micron internal diameter microcapillary coated with
cross-linked HMW PVA. FIG. 22B shows percentage reduc-
tion in slug length with capillary number for a 10 mm long
water slug.

[0146] FIG. 23 shows a schematic of an alternative
method for efficient deposition of assay reagents in the inner
surface of the coated capillaries, which consists of loading
the entire length of the capillary with the assay reagent
dissolved in a fluid, and then removing excess assay reagent.
[0147] FIG. 24 shows imaged strips of enzymatic and
fermentation assays, allowing colorimetric identification of
different bacteria strains.

[0148] FIG. 25 shows a schematic of an assay device for
immunoassays consisting of immobilising a set of capture
antibodies or antigens on the hydrophilic coating, and then
interfacing a strip with a small microwell in which sample
and other reagents are deposited, and assay fluidics run by
capillary action.

[0149] FIG. 26 shows a schematic showing the concept of
loading different assay reagents in an array of capillaries.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS AND FURTHER
PREFERRED FEATURES OF THE INVENTION

[0150] Inapreferred embodiment of the present invention,
there is provided a platform for assays. The present inven-
tors have shown the internal surface of capillaries can be
coated with a hydrophilic layer to facilitate retention of
assay reagents, and to increase the rate at which fluid
samples are taken up by the capillaries through capillary
action.

[0151] The array is preferably an array of 10 microcapil-
laries, each capillary having an elliptical cross section and a
minor axis or conjugate diameter of 100-200 um, embedded
in a single substantially flat plastic film extruded from a
fluoropolymer material.

[0152] The flat geometry and excellent optical properties
of the plastic film allows direct cross-interrogation of the
capillaries for signal detection using either the naked eye or
conventional optical systems, such as a CCD camera or a
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flatbed scanner. The small internal volume and diameter of
the capillaries shortens the time required for assay reagents
retained in the hydrophilic layer to diffuse and react with any
substances of interest present in the capillary.
[0153] This new assay platform finds major application in
a number of different assays, including, for example, as a
clinical tool for the determination of a patient’s blood type,
and in the detection of bacteria in a sample fluid to perform
serological tests or immunoassays, e.g. for quantification of
biomarkers.
[0154] In a preferred embodiment, the present invention
utilises a capillary body manufactured in accordance with
the disclosure of WO 2005/056272, the content of which is
hereby incorporated by reference in its entirety.
[0155] WO 2005/056272 discloses apparatus for produc-
ing an extrudate product, the extrudate product including a
plurality of capillary channels therethrough, the apparatus
comprising an extruder having an inlet, a die including an
orifice having a predetermined outer shape, a plurality of
needles each having a body including an internal conduit for
fluid flow, each needle further comprising an outlet from the
internal conduit at an outlet end, the outlet end of each
needle being arranged in a predetermined pattern substan-
tially within the orifice of the die, the conduit of each needle
being fluidly connected to a fluid source, wherein, in use:

[0156] a) extrudable material is fed into the extruder
through the inlet;

[0157] b) the extruder melts and forces the extrudable
material around the bodies of the needles towards the die
and through the orifice in the die to produce an extrudate
product having substantially the predetermined outer
shape;

[0158] c)the needles allow fluid to be drawn from the fluid
source through the conduit to be entrained in the extrudate
product to form capillaries such that the extrudate product
includes capillaries therealong in the predetermined pat-
tern.

[0159] It has been found that the problem of die swell

within the capillary is substantially reduced or negated when

fluid is allowed to enter the capillary. This allows the bores
of the capillaries to be more accurately controlled so small
bore capillaries can be reliably produced. It is envisaged that

capillaries having a bore of between about 2 mm to 10

microns may be produced in a single stage of melt process-

ing. However, it is envisaged that a further processing stage
could produce capillaries having a bore of below 1 micron.

It should be understood that the capillary bores are also

referred to as micro-capillaries.

[0160] It is preferred that the needle outlets are substan-

tially regularly distributed in the die orifice as this helps to

prevent maldistribution of the extrudate. It is preferred that
each needle outlet is a substantially equal distance from
other outlets and from the orifice of the die. For example, if
the die orifice is substantially rectangular and the predeter-
mined pattern of needle outlets is a simple line of outlets
within the orifice it is preferred that the line is arranged
substantially centrally in the short side of the rectangle and
that the distances between the needle outlets are substan-
tially identical to the distance between the outer needle
outlets and the short edges of the orifice, and the line of
outlets and the long edges of the orifice. The needle outlet

may be any suitable size, but it is preferably between 2 mm

and 0.1 mm and most preferably between 0.6 mm and 0.2

mm. For instance, with a needle outlet size of 0.3 mm
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capillary bores of between 200 microns and 20 microns can
be readily produced depending on the processing conditions.
[0161] It is preferred that the pressure of the fluid entering
the capillaries through the needles is substantially equal to
the pressure of the environment into which the extrudate
product is being extruded as it has been found that this
produces a more stable extrudate product. It is preferred that
the flow of extrudable material entrains the fluid in the
capillary, but it should be understood that the fluid may enter
the capillaries at above or below the pressure of the envi-
ronment into which the extrudate product is being extruded,
but that greater control may be needed. The fluid allowed to
enter the capillaries will typically be air at room temperature
and pressure, but the extrusion may be in a liquid bath or
other non-typical environment. The fluid source may be air
at room temperature and pressure if the extrudate product is
being extruded into such an environment and can be drawn
straight from the local atmosphere. However, it should be
understood that the fluid source may be an inert gas or liquid,
or a sample gas or liquid that is to be trapped within the
capillaries in the extrudate product.

[0162] Itis preferred that a gear pump is used to steady the
flow of extrudable material between the extruder and the die.
This helps to reduce any flow abnormalities that may result
from variations in the operation of the extruder.

[0163] The dieis used to take the feed of material from the
extruder and change the shape of the material flow until it
has the desired outer shape and can exit though the die
orifice which has substantially the predetermined outer
shape. It should be understood that, due to die swell, the
outer shape of the extrudate may not correspond exactly
with the predetermined shape of the orifice. It is preferred
that the die is a converging die. The die is preferably shaped
to ensure that the flow over the needles is substantially even
as this helps to create a well formed, regular extrudate.
[0164] It is preferred that the die orifice is substantially
rectangular so the resulting outer shape of the extrudate
product is substantially rectangular. The dimensions of the
rectangular orifice are preferably such that the extrudate
product is a sheet or film. Preferably the rectangular orifice
has a long side having a length that is at least times longer
than the short side. Preferably the ratio is greater than 10 as
this may allow the film to flex more readily. It should be
understood that the orifice could take any other suitable
shape, including an annulus, square or circle. It has been
noted that with a non-circular die, for instance a rectangular
die there may be edge effects that alter the shape of the
capillaries at or near an edge of the film. Such edge effect
may be negated through the use of an annular die which is,
in effect, a continuous film having no edges. An annular die
may allow the production of an extrudate product have
greater consistency in the size and shape of the capillaries.
[0165] For simplicity the apparatus will now be described
with reference to a preferred embodiment in which the die
has a substantially rectangular orifice in which an array of
needle outlets are arranged in a line substantially parallel
with the long side of the rectangle and substantially in the
centre of the short sides of the orifice. This produces an
extruded film having a plurality of capillaries therealong. It
should be understood that different arrays and orifice shapes
could be employed.

[0166] It is preferred that the needle outlets are substan-
tially circular in shape. This shape of outlet is easy to form,
but other shapes could be used if desired. It is also preferred
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that the body of each needle is substantially cylindrical and
is elongate along a first axis. The bodies are preferably
arranged such that the first axis of the cylindrical body is
substantially parallel with the flow of material as this
provides a low resistance to the material flow and is simple
to manufacture.

[0167] It should be understood that the plurality of needles
may be formed individually, integrally, or in groups of two
or more needles. For example a solid monolith of metal
could be used to form a plurality of needles. The monolith
may include holes therethrough to form the needles required
by the invention. The needles may include a common inlet
which then divides into a plurality of conduits leading to a
plurality of outlets. The outlets of the needles from the
monolith may protrude from the monolith allowing the
extrudate to flow around the protrusion before gas is drawn
from the outlet, or there may be no protrusion. The extrudate
will flow around the monolith and draw gas through the
outlets as described above.

[0168] Although it has been mentioned above that die
swell within the capillaries is substantially reduced or
negated, die swell still occurs at the die exit. The outer shape
of the extrudate product will swell as it exits the orifice. In
the case of the film, it has been found that the swell is greater
along the short axis of the rectangular orifice than along the
long axis. The result is that the substantially circular capil-
laries within the extrudate prior to swelling are distorted into
an elliptical shape with the long axis substantially parallel to
the short axis of the rectangular cross section of the film. It
should be understood that with variations in outlet shape and
processing, the capillaries cross section can be varied.
[0169] The extrudate product is preferably drawn away
from the orifice at a rate greater than the rate at which the
product is produced. The draw ratio is the ratio of the rate of
production of extrudate to the rate at which the extruded
product is drawn off. At some draw ratios (between 16 and
20) it appears that the die swell effect dominates and the
capillaries are substantially elliptical.

[0170] At higher draw ratios (above 30) the change in
geometry due to the extrudate drawing dominates. As has
been shown in the literature, during drawing of an extrudate
having a rectangular cross section, the length of the short
axis decreases at a faster rate than the length of the long axis
of the extrudate and so the capillaries are distorted to form
substantially elliptical capillaries that have their long axis
substantially parallel to the long axis of the rectangular cross
section. The drawing process typically reduces the overall
cross sectional dimensions of the extrudate product and
therefore reduces the dimensions of the capillaries within the
product.

[0171] It has also been found that it may be possible to
further process the extrudate product after drawing. This
further processing can be either cold drawing or warm
drawing at an elevated temperature. It has been found that
cold drawing can reduce the product dimensions by between
two and three times and a greater reduction is to be expected
when warm drawing is used.

[0172] The apparatus and a process using the apparatus is
capable of producing rectangular section extrudate product
with multiple capillaries running along the length of the
product.

[0173] WO 2005/056272 discloses the production of
extrudates with elliptical multiple capillaries of major axis
length roughly 65 pm and minor axis length of about 35 pm.
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It should be noted that the aspect ratio and the mean
diameter of the capillary can be varied through changes in
the process conditions. The extruded products typically take
the form of films. Each film typically has a length and a
substantially rectangular cross section perpendicular to said
length, said cross section including two long sides and two
short sides, the film including a plurality of capillary bores
substantially parallel to the length of the film.

[0174] WO 2005/056272 further discloses that the pro-
duction of a length of extrudate of about 20 m long allowed
an investigation of the dimensions of the capillaries at five
sections along the extrudate via scanning electron micros-
copy. This revealed that the variation in the dimensions of
the capillaries was no greater than about 10% along the
length of the product.

[0175] WO 2005/056272 still further discloses the forma-
tion of extruded products using, for example LLDPE. Such
polymers are found to have good optical transparency,
despite any crystalline content present within the polymer.
WO 2005/056272 suggests that total, or at least a signifi-
cantly increased level of, optical transparency could be
achieved by using an amorphous polymer such as polysty-
rene. However, it is to be noted that these materials are not
necessarily the preferred materials for use with the embodi-
ments of the present invention.

[0176] FIG. 1 shows extrusion apparatus 1 for creating an
extrudate product 2 having capillary bores therealong. The
extrusion apparatus comprises screw extruder 4 driven by a
motor 6. Extrudable material 8 is fed to the extruder screw
4 through a hopper 10. As the extrudable material passes
through the extruder screw 4 the material is melted to form
a melt (not shown). The extruder screw 4 feeds the melt to
a gear pump 12 which maintains a substantially constant
flow of melt towards a die 14. The gear pump 12 is
connected to the extruder screw 4 by a flange 16 which
includes a screen filter to remove impurities from the melt
flow. The motor 6 is controlled using a pressure feedback
link 18 between the inlet of the gear pump and the motor 6.

[0177] The melt passes to the die 14 through an extruder
barrel 20 which is connected to the gear pump by a flange
22. In this embodiment the extruder barrel includes a 900
bend 24. Band heaters 26 are used to control the temperature
at different stages in the extrusion apparatus 1. Band heaters
26 may be located within the extruder, on the flanges 16,22,
on the gear pump 12, on the extruder barrel 5 20 and also on
the die 14.

[0178] The detail of the arrangement of the die 14 will be
shown in greater detail in subsequent figures.

[0179] The melt passes through the die 14 and is formed
into the desired shape and cross section. As the melt passes
out of the die it becomes an extrudate 28. The extrudate 28
is drawn down over and between rollers 30. The drawing
down process, as described above, alters the cross section of
the extrudate 28 to form the extrudate product 2. A draw
length (L) 29 is defined between the orifice and the first
roller 30. It has been found that L. has a great effect on the
extrudate product 2 formed by this apparatus.

[0180] FIG. 2 shows a schematic cross section through the
die 14 of FIG. 1. The die includes an entry portion 32, a
convergent portion 34 and an orifice 36 which has a prede-
termined outer shape. The melt enters the entry portion 32 of
the die 14, is gradually shaped by the convergent portion 34
until the melt exits the orifice 36.
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[0181] The die 14 further includes needles 38 (only one of
which is shown in this figure) positioned therein. The needle
38 a body portion 40 having a conduit 42 therein which is
fluidly connected to a fluid source 44 by means of a second
conduit 43 passing through a wall of the die 14 around which
the melt must flow to pass to the orifice 36. The needle 38
further includes an outlet 46 at an end 48 of the needle 38.
The needle 38 is arranged such that the outlet 46 is located
within the orifice 36.

[0182] FIG. 3 shows a schematic view of the die 14 from
below. This drawing shows that the orifice 36 has a rectan-
gular outer shape. The orifice has a short side 50 substan-
tially parallel with a short axis 51 and a long side 52
substantially parallel with a long axis 53.

[0183] In this example, the die includes ten needles 38
with the outlets 46 distributed substantially evenly along the
long axis 53 within the orifice and substantially centrally in
orifice along the short axis 51. In this example, the die orifice
has a short side dimension of 1.5 mm, a long side dimension
of 18 mm and the needles have a 0.5 mm outer diameter and
a 0.3 mm inner bore.

[0184] In an example process, a polymer melt is produced
in a screw extruder 4 and its resultant flow rate stabilised by
means of a gear pump 12. This melt is then fed into a die 14
in the orifice of which is arranged a plurality of outlets from
needles 38 in a predetermined pattern. A conduit 42 through
each needle 38 is fed from a horizontally orientated feed
conduit 43, the entrance of which is open to atmosphere
outside of the die which is the fluid source 44. The resulting
extrudate is then passed over a series of rollers 30 into a
haul-off device (not shown). The speed of the haul-off device
can be altered so that extrudate products 2 with differing
draw ratios can be produced.

[0185] The die 14 is designed such that the incoming flow
from the extruder, which is contained in a circular pipe, is
altered such that it may pass through the orifice 36 of the die
14. The die 14 must effect this geometry change, and this is
currently achieved by using a convergent die 14.

[0186] The die 14 is also designed so that the flow over the
array of needles 38 is substantially even. An even melt flow
around the needles 38 facilitates creation of well formed
extrudate 28. If, however, there is an uneven flow, the melt
will preferentially channel along a path of least resistance.
This results in a distorted extrudate 28.

[0187] In WO 2005/056272, the process is operated at
about 165° C. using linear low density polyethylene (LL-
DPE). The motor 6 is controlled using a pressure feedback
loop that is set to 300 PSI and this, in turn, causes a pressure
of around a few bar in the die 14. Air is entrained as a result
of'the polymer flow over the array of needles 38 and the feed
to this needle 38 array is left open to the atmosphere. The
velocity of the polymer melt at the die orifice 36 is of the
order of one centimeter per second, the velocity of the haul
off device can be set anywhere between zero and 9 metres
per minute.

[0188] The parameter that was found to have substantial
influence on the final product was the distance L 29, shown
in FIG. 1 and defined to be the distance between the die exit
and the first roller 30. In fact, in this case the first roller is
a stationary polished stainless steel rod submerged in a water
bath.

[0189] The effect of variation of L is explained in further
detail in WO 2005/056272.
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[0190] One drawback of many known capillary-based
assays relates to optical interrogation of the capillary bore.
This is illustrated in FIG. 4A-D. FIG. 4A—shows a typical
capillary device formed from fused silica. FIG. 4B shows a
capillary produced from FEP material. An aqueous sample
fluid (water in this case) is located in the capillary bore. As
shown in FIG. 4A, refraction of light transiting the device
occurs at the interface between the air and the body of the
device and also at the interface between the body of the
device and the sample fluid in the bore. This is due to
changes in refractive index at those interfaces. The refractive
index of air is 1.0, the refractive index of water is 1.33 and
the refractive index of fused silica is 1.46. The refractive
index of blood serum when measured at 20° C. with light of
wavelength 589 nm is 1.33 to 1.36.

[0191] However, as shown in FIGS. 4C and 4D, the effect
of refraction at the interface between the body of the device
and the bore can be reduced or even avoided by forming the
body of the device using a material having a refractive index
close to or the same as that of the sample fluid (water in this
case). Results are expected to be similar where e.g. whole
blood is used as the sample fluid, as the refractive index of
blood serum is very similar to that of water. Suitable
materials include Fluorinated Ethylene Polypropylene (FEP)
with a refractive index of 1.34; Tetrafluoroethylene
hexafluoropropylene vinylidene fluoride (THV) with a
refractive index of 1.35; Perfluoroalkoxy (PFA) with a
refractive index of 1.34; Polytetrafluoroethylene (PTFE)
with a refractive index of 1.35-1.38; Ethylene Tetrafluoro-
ethylene (ETFE) with a refractive index of 1.40; and Poly
(chlorotrifluoroethylene) (PCTFE) with a refractive index of
1.39.

[0192] FIG. 5A summarises the variation of the mean peak
height as determined from profile plots for colourless (noise)
and blue dyed (signal) water-glycerol mixtures in MCF-FEP
(fluorinated ethylene propylene, mean internal capillary
diameter 206 pum, 10 capillaries, refractive index: 1.34) and
MCF-EVA (ethylene vinyl acetate, mean internal capillary
diameter 142 pm, 19 capillaries, refractive index: 1.48) at
increasing refractive index of the fluid.

[0193] FIG. 5B summarises the variation of the mean
signal-to-noise ratio in MCF-FEP and MCF-EVA at increas-
ing refractive index of water-glycerol mixtures.

[0194] Fluorinated Ethylene Polypropylene (FEP) is con-
sidered to be particular suitable for assay applications
because it has a refractive index very close to that of water.
However, the use of fluoropolymers, such as FEP, has
several drawbacks. Firstly, fluoropolymers, including FEP,
are very hydrophobic, and therefore are not capable of
taking up sample fluids by capillary action. Instead, sample
fluids must be drawn into the capillary using e.g. aspirators
or syringes, thereby complicating fluid handling and increas-
ing the cost of such assay devices. In addition, assay devices
made from fluoropolymers, such as FEP, cannot be used to
carry out certain types of assays, such as blood-typing, as the
hydrophobic nature of the material causes assay reagents,
such as antibodies, to become immobilized on the capillary
wall, thereby preventing them from diffusing out into a
sample fluid present in the capillary. Diffusion of reagents is
essential for many types of assays. For example, in blood-
typing antibodies must be able to diffuse out of the hydro-
philic layer in order to bind red blood cells and thereby cause
their agglutination.
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[0195] The present inventors have overcome these prob-
lems by coating the capillary wall internally with a hydro-
philic layer.

[0196] Specifically, the inventors have shown that coating
capillaries with a hydrophilic layer can decrease the contact
angle of a sample fluid present in the capillary with the
capillary wall, thereby facilitating uptake of samples into the
capillary by capillary action.

[0197] In the experiments described herein, the equilib-
rium contact angle of the capillaries was determined by
immersing dried microcapllaries in a transparent reservoir
with deionised (DI) water, and recording the maximum
liquid rise height, h, in the capillaries with respect to the free
liquid surface in the reservoir. The capillaries were then
dried again with gaseous nitrogen and the liquid height
measured a second and a third time to assess stability of the
hydrophilic coating.

[0198] The equilibrium contact angle, 6 (in degrees) for
circular capillaries with mean internal diameter, d was
calculated based on Laplace-Young equation,

h=4y cos(0)/pgd

assuming a surface tension, y for water-air of 72.8 mN/m and
specific density, p of water of 1,000 kg/m>. g refers to the
gravitational acceleration.

[0199] For elliptical capillaries, the minor axis of the
capillary, a and major axis, b of the capillary were measured
using image analysis of microphotographs of thin cross-
sections of the microcapillaries, and the equilibrium contact
angle, 0 (in degrees) calculated based on a modified
Laplace-Young equation:

h=(2y cos(0)/pg)*(1/a+1/b)

assuming a surface tension, y for water-air of 72.8 mN/m and
specific density, p of water of 1,000 kg/m>. g refers to the
gravitational acceleration.

[0200] First the contact angle of microcapillaries coated
with PVA or cross-linked PVA was investigated. A 20
mg/mL solution of PVA with a low molecular weight (Mwt:
13,000-23,000) was pumped through a 10 bore microcapil-
lary film fabricated from FEP having mean internal capillary
diameter of 206 um using a HPL.C pump at a constant flow
rate of 0.5 ml/min. The PVA solution was allowed to
recirculate overnight to ensure good adsorption of the poly-
mer onto the microcapillary walls. In order to cross-link the
PVA adsorbed onto the internal surface of the capillaries, a
0.5 mg/ml. glutaraldehyde solution was recirculated for 30
min at 0.5 ml./min while heating the microcapillary film to
40° C. Cross-linking was then continued for up to further 2
hours following addition of 10 mL of a SM HCI solution to
the glutaraldehyde solution. The material was then washed
with 500 ml of hot deionised water (60° C.) and subse-
quently with 200 ml of ambient temperature deionised
water. The microcapillary film was then dried using gaseous
nitrogen.

[0201] The equilibrium contact angle after PVA coating
was 0=88x1.9 degrees. The equilibrium contact angle was
found to drop rapidly with cross-linking time as shown in
FIG. 7A. After 2 hours of cross-linking, the contact angle
was reduced to 6=62+2.5 degrees (FIG. 7A). In contrast, the
equilibrium contact angle for uncoated FEP microcapillaries
was 0=123+1.6 degrees. The contact angle values shown in
FIG. 7 represent the mean of three contact angle measure-
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ments using the same capillaries, demonstrating that the
PVA coating is stable and did not dissolve during the
measurements.

[0202] The effect of incubation time, cross-linking and
relative molecular weight of PVA on mean contact angle was
then tested in a 10 bore FEP microcapillary film. Low
molecular weight (LMW; 13,000-23,000 Da) and high
molecular weight, (HMW; 146,000-186,000 Da) PVA were
tested using PVA solutions with a concentration of 20
mg/ml. Incubation times were kept constant. Solutions were
aspirated with the help of a syringe, and then strips incu-
bated for the incubation time shown in the figures. Where
relevant, polymer was cross-linked with glutaraldehyde
using same protocol as described above. Error bars show
2*standard deviations between 3 consecutive liquid rise
measurements across the 10 bore fluoropolymer strip. FIG.
7D shows that the LMW cross-linked PVA is most effective
in reducing the contact angle, however it was possible to
produce capillaries with hydrophilic coatings, i.e. capillaries
with a mean contact angle lower than 90 degrees, with all
LMW and HMW PVA coatings tested. Out of the coatings
tested in this experiment, LMW PVA was the least effective
at reducing the mean contact angle which is believed to be
related to dissolution of the LMW PVA coating deposited on
the capillary surface and possibly the fact that the coating is
thinner (see also x-ray photoelectron spectroscopy [XPS]
data in FIG. 7E). Dissolution of the coating results in an
increase in the contact angle when consecutive measure-
ments are taken and thus in large standard deviations for the
contact angle measurements. Overall, all coatings tested
were effective in producing hydrophilic FEP capillaries. The
XPS data shown in FIG. 7E supports the deposition of the
polymer on the surface of the FEP microcapillaries (which
translates into an increase in the oxygen:fluorine [O:F]
molar ratio), which varies with incubation time. The O:F
molar ratio provides the molar ratio between the oxygen and
fluorine groups (which includes CF2 and CF3) deposited on
the fluoropolymer surface. The O:F molar ratio does not
differentiate thickness from surface coverage, but is an
estimate of the amount of polymer deposited on the fluo-
ropolymer surface.

[0203] Next, the contact angle of capillaries coated with
gelatine was determined. A 10 bore microcapillary film
fabricated from FEP having mean internal capillary diameter
of 206 um was filled with a 0.2% gelatine solution and
incubated overnight. The residual gelatine solution was
pumped out of the microcapillaries using a manual syringe.
The microcapillaries where then subsequently washed and/
or dried using gaseous nitrogen. The contact angle of
washed and dried microcapillaries was 6=87+8.8 degrees,
and of dried (unwashed) microcapillaries was 6=741:12.0
degrees. The mean standard deviation between 3 consecu-
tives contact angle measurements on the same coated micro-
capillaries was 1.60, demonstrating that the coating is stable
and did not dissolve during the measurements in water.

[0204] The contact angle of capillaries coated with
hydroxypropylmethyl-cellulose (HPMC) was also mea-
sured. A 6% HPMC solution was prepared by dispersing the
HPMC in hot deionised water (80° C.) to prevent clumping.
After the mixture cooled down, a clear solution was
obtained. The solution was then injected manually into a 10
bore microcapillary film fabricated from FEP having mean
internal capillary diameter of 206 m and incubated over-
night. The microcapillary film was then dried using gaseous
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nitrogen. The mean equilibrium contact angle of the HPMC
coated capillaries was 0=78:2.9 degrees.

[0205] In order to determine the contact angle of capillar-
ies coated with a PVA-dextrin blend, equal volumes of 2%
PVA (Mwt 146,000-186,000) solution and a 1% dextrin
solution were pre-mixed and injected into a 10 bore micro-
capillary film fabricated from FEP having mean internal
capillary diameter of 206 m and incubated overnight, after
which the coated microcapllaries were dried with gaseous
nitrogen. The mean equilibrium contact angle measured was
0=67+8.0 degrees.

[0206] The contact angle of capillaries coated with a
gelatine-PVA was measured as follows. First, individual
stock solutions of both gelatine and PVA (Mwt of 146,000-
186,000) were prepared at a concentration of 0.2 mg/ml. and
2 mg/mL, respectively. Equal volumes of the stock solutions
were then mixed to produce the gelatine-PVA (1:10 w/w)
coating solution. A 10 bore microcapillary film fabricated
from FEP having mean internal capillary diameter of 206
um. The microcapillary film was then filled with the coating
solution and incubated overnight. Finally, the solution gela-
tine was aspirated from the microcapillaries and the capil-
laries dried using gaseous nitrogen. The measured mean
equilibrium contact angle was 6=80+4.6 degrees.

[0207] The contact angle of capillaries coated with chito-
san-based coatings was further determined. Three different
procedures for chitosan-based coatings were tested, which
explored the chemical properties of this polysaccharide.
[0208] For a low-chitosan concentration coating, a solu-
tion of 0.2% chitosan in 1% acetic acid was allowed to
recirculate overnight at 0.5 mL/min through a 10 bore
microcapillary film fabricated from FEP having mean inter-
nal capillary diameter of 206 m. The microcapillaries were
then washed with DI water at pH 7.0 and dried with gaseous
nitrogen.

[0209] A high chitosan concentration coating was based
on the method of Lin et al. (2005) for the coating of PE
tubing. A 10 bore microcapillary film fabricated from FEP
having mean internal diameter of 206 pm was filled with a
solution of 2% chitosan in 1% acetic acid and then sealed
and incubated for 2 hours. The solution was then replaced by
methanol and incubated for further 30 minutes. After
removal of methanol, the microcapillary film was dried at
40° C. for 2 h and dried with gaseous nitrogen. Finally, the
microcapillary film was neutralised using a 5 wt % NaOH
solution for 10 min and dried again at 40° C. for 2 h.
[0210] A cross-linked chitosan coating was adapted from
the method presented by Huang et al. (2011) for coating
capillary columns. A 10 bore microcapillary film fabricated
from FEP having mean internal capillary diameter of 206 um
was filled with a solution of 1% chitosan in 1% acetic acid
and then sealed and incubated for 2 hours. The content of the
capillaries was then substituted with a 1 mg/mL glutaralde-
hyde solution, and cross-linking allowed to proceed for 15
minutes. The microcapillaries were then dried using gaseous
nitrogen. The previous steps were repeated for further two
times in order to give a total of three layers of cross-linked
polysaccharide. The measured mean equilibrium contact
angle was 6=80+9.8 degrees.

[0211] Finally, the contact angle of capillaries coated with
alginate-based coatings was determined. For the alginate/
calcium coating (alginate/CaSO,, a 10 bore microcapillary
film fabricated from FEP having mean internal diameter of
206 pm was incubated overnight with a 1% Sodium Alginate
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solution. The alginate solution was then carefully flushed out
using a manual syringe. A calcium sulphate solution (1%)
was then injected into the microcapillaries for cross-linking
the adsorbed alginate, and incubated for 30 minutes after
which the microcapiliaries were dried with gaseous nitro-
gen. The measured mean equilibrium contact angle was
0=88+4.6 degrees.

[0212] For the alginate-chitosan blend coating: a 10 bore
microcapillary film fabricated from FEP having mean inter-
nal capillary diameter of 206 um was loaded with equal
volumes of a stock solution (0.25%) of sodium alginate
vigorously pre-mixed for 20 min with a stock solution of
chitosan. The microcapillaries were incubated overnight and
then dried using gaseous nitrogen. The measured mean
equilibrium contact angle was 6=93+4.5 degrees.

[0213] The alginate/chitosan multilayer coating (Alg/Ch/
Alg/Ch) was based on the work of Carneiro-da-Cunha et al.
(2010) for the fabrication of chitosan/alginate nanolayered
PET film. A 10 bore microcapillary film fabricated from FEP
having mean internal capillary diameter of 206 pm was filled
with a 0.2% sodium alginate solution (pH 7) and incubated
overnight. The microcapillary film was then emptied and
filled with a 0.2% chitosan solution in 1% acetic acid (pH 3)
and incubated for 4 hours, after which the solution was
manually removed. This was repeated keeping each solution
inside the microcapillary film for at least 2 hours. The coated
microcapillaries were then dried using gaseous nitrogen.
The measured mean equilibrium contact angle was
0=93+2.6 degrees.

[0214] FIG. 8 shows the capillary rise (in cm) in FEP
microcapillaries coated with some of the different hydro-
philic layers described above. As can be seen from this
figure, only hydrophilic layers composed of low molecular
weight polyvinylalcohol (PVA), cross-linked low molecular
weight polyvinylalcohol (PVA), gelatine, hydroxypropylm-
ethylcellulose (HPMC), PVA and dextrin, PVA and gelatine,
cross-linked chitosan, or alginate and calcium, were capable
of promoting capillary rise in the coated capillaries. High
molecular weight PVA was not tested in this experiment.
Even a small capillary rise may, for example, be sufficient
where the capillaries of an assay device are short. Alterna-
tively, capillaries capable of promoting only a small capil-
lary rise can be incubated horizontally, thereby allowing the
sample fluid to rise further in the capillary by capillary
action. As a further alternative, the top (rather than the
bottom) of the capillary may brought into contact with a
sample fluid, thereby allowing the sample to flow down the
capillary by capillary action. None of these options are
available where the capillaries are hydrophobic.

[0215] For all subsequent experiments, capillaries coated
with cross-linked low molecular weight PVA were used.
[0216] FIG. 9 further shows that even coating of the
capillary wall by the hydrophilic layer improves capillary
rise of samples in the capillary. The most even coating was
achieved with cross-linked PVA (PVA cross-linked with
glutaraldehyde) (“polymer A” in FIG. 9). Thus, preferably,
the hydrophilic layer comprises or consists of cross-linked
PVA, such as PVA cross-linked with glutaraldehyde.
[0217] Next the effect of retaining assay reagents, such as
antibodies, in the hydrophilic layer on the contact angle of
the coating was determined. Specifically, contact angles
were measured following incubation of coated microcapil-
laries with an antibody. 10 bore FEP microcapillary films
pre-coated with cross-linked PVA, gelatine, HPCM, or PVA-
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dextrin, as described above was incubated for 2 h at room
temperature with an IgM antibody solution (1 mg/mL.). The
microcapillaries were then dried using gaseous nitrogen and
the equilibrium contact angle measured. The mean equilib-
rium contact angle remained unchanged in the case of the
cross-linked PVA (0=60+2.8 degrees), and gelatine
(6=70+£1.3 degrees) coatings, increased slightly in the case
of'the HPCM coated capillaries (6=84+1.9 degrees) and was
reduced slightly in the PVA-dextrin coated capillaries
(6=58+2.3 degrees). However, in all cases the equilibrium
contact angle remained significantly improved compared
with uncoated FEP microcapillaries, indicating that reagents
can be retained in the hydrophilic layers while maintaining
the advantageous properties of the coated capillaries with
respect to promoting capillary rise of a liquid sample intro-
duced to the capillary.

[0218] In order to demonstrate the possibility of loading
assay reagents in dried coated capillaries and rapidly releas-
ing reagents during sample uptake by capillary action, a 10
bore FEP microcapillary film internally coated with cross-
linked PVA was loaded with 1 mg/ml fluorescein isothio-
cyanate (FITC)-labelled IgM and incubated for 2 hours and
then dried using gaseous nitrogen. One end of the capillary
was then immersed in 20 mM PBS pH 7.4 buffer and
fluorescence monitored using a confocal fluorescence
microscope using excitation wavelength of 488 nm. FIG. 10
shows (from left to right) a dried and loaded capillary, a
loaded capillary partially filled with buffer, and a loaded
capillary fully filled with buffer. The sharp interface in the
partially filled capillaries showed a high concentration of
antibody being transported during liquid rising through the
capillary by capillary action. In both the partially and the
fully filled capillary, diffusion of the antibody out of the
hydrophilic layer into the buffer can be seen, demonstrating
that the antibody is rapidly released from the hydrophilic
layer into the sample fluid.

[0219] The effect of molecular weight on reagent release
was determined as follows. A 10 bore FEP microcapillary
film coated with cross-linked PVA was loaded with a 1
mg/ml 1gG-FITC or IgM-FITC solution and incubated for 2
hours. Excess liquid was aspirated manually using a plastic
syringe. One end of the strip was then immersed in 20 mM
PBS pH 7.4 buffer and fluorescence monitored using a
confocal fluorescence microscope using an excitation wave-
length of 488 nm, after the liquid-air interface reached the
equilibrium point. The concentration of fluorescently
labelled antibody was measured along the height of the
buffer-filled capillary. The results are shown in FIG. 11. This
figure demonstrates that the higher molecular weight IgM
antibody was released from the hydrophilic layer more
slowly than the lower molecular weight 1gG antibody. The
IgG antibody showed a peak in concentration at the air-
liquid interface. However, these results demonstrate that
even very high molecular weight assay reagents, such as
IgM, can be retained using a hydrophilic coating such as
cross-linked PVA.

[0220] Reagent loading and release from the hydrophilic
layer was quantified using a fluorescent dye and colorimetric
enzyme substrates. For this purpose, an FEP microcapillary
film was coated with cross-linked PVA and loaded with two
assay reagents, the enzymatic substrate ortho-nitrophenyl-
[p-galactoside (ONPG) which produces a yellow colour in
the presence of beta-galactosidase, and the fluorescent dye
fluorescein. Loading was performed by incubation with a
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water or dimethylformamide (DMF)-based reagent solution
for between 5 minutes and 2 h, and subsequent removal of
the loading solution using a syringe, followed by air drying
of the capillaries by repeated aspiration of air through the
film using a syringe. Following loading of the capillaries, the
amount of reagent loaded was quantified using three differ-
ent methods.

[0221] Firstly, 60 mm long strips loaded for 1 hour with
ONPG dissolved in water at concentrations from 0.5 to 5.0
mg/ml or dissolved in DMF at a concentration of 150 mg/ml
were tested by dipping into water which resulted in water
uptake into the capillaries. The water taken up was then
removed using a syringe and ONPG concentration measured
by enzymatic endpoint analysis in a microwell plate well
through the addition of an excess of beta-galactosidase
enzyme and monitoring absorbance at 420 nm using a
microwell plate reader. Released concentrations were deter-
mined by comparison of absorbance with a calibration curve
of known concentrations of ONPG. The results are shown in
Table 1.

TABLE 1
Loading concentration Released Concentration

Compound (mg/ml) (mg/ml)
ONPG In Water 0.0 0

0.5 0.07

1.0 0.01

5.0 0.06

In DMF 150.0 4.67

[0222] Secondly, the concentration of loaded ONPG was

determined inside the capillary film by dipping an FEP
microcapillary film coated with cross-linked PVA, and
loaded for 5 minutes with 150 mg/ml ONPG dissolved in
DMF, into aqueous solutions of beta-galactosidase enzyme
(at 0.2 U/uL). The solution was drawn up into test strips, and
incubated for 1 hour to allow complete enzymatic conver-
sion of the loaded ONPG. Subsequently, solution was
removed from MCF test strips using a syringe and absor-
bance read using a microplate reader at 420 nm, and
absorbance compared to a calibration curve of known con-
centrations of enzymatically converted ONPG. In this test,
an average concentration of 3.4 mg/ml ONPG was found to
be loaded within these ONPG loaded test strips.

[0223] Thirdly, an FEP microcapillary film coated with
cross-linked PVA was loaded with fluorescent dye through a
5 minute incubation with 100 pg/mlL. of fluorescein dissolved
in water followed by removal of the solution and air drying
by repeated passing air through the strips with a syringe.
Then, 80 mm long loaded microcapillary films were tested
by dipping into water, and the concentration of loaded
fluorescein was measured within the test strip by imaging
strips illuminated with 450 nm blue light and imaging green
fluorescence using a digital camera through a longpass filter
with cut-off of 500 nm. The fluorescence intensity within
test strips dipped in water was compared with a calibration
curve of fluorescence intensity observed in FEP microcap-
illary films filled with known concentrations of fluorescein.
The concentration of fluorescein in the dipped test strips
varied along the length of the test strip, indicating very rapid
release of reagent such that at the inlet where water entered
the strip, the concentration of fluorescein was too low to be
measured using the fluorescence imaging system used. In
contrast, at the top of the test strip, a high concentration of
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fluorescein was seen, with a gradient of fluorescein observed
(Table 2). These results agree with the release pattern seen
with IgM and IgG reported above.

TABLE 2
Test strip 1 Test strip 2
Distance from inlet:
capillary 30 mm 40 mm 60 mm 70 mm 70 mm
number Fluorescein concentration pg/ml
1 0.1 0.4 1.9 2.2 1.1
2 0.2 0.3 1.0 1.2 1.1
3 0.1 0.4 1.0 1.2 1.1
4 0.1 0.4 1.0 1.2 1.3
5 0.1 0.3 1.0 1.3 1.1
6 0.2 0.4 1.1 1.2 1.1
7 0.2 0.8 1.4 1.1 1.1
8 0.3 0.5 1.0 1.0 1.4
9 0.2 0.6 1.2 1.2 1.1
10 0.1 0.4 1.4 24 1.0
[0224] These above results show that different classes of

reagents with differing physicochemical properties, such as
differing molecular weights, can be retained in the capillar-
ies using hydrophilic layers, such as cross-linked PVA, with
similar efficiency. This demonstrates that there is no specific
physicochemical requirement for assay reagents to be
retained.

[0225] Table 2 further shows that an assay reagent retained
in the hydrophilic layer is released evenly in all capillaries
of a single test strip. Secondly, the reagent mixes rapidly
with the sample fluid and forms a gradient of reagent in the
sample fluid, as also seen in FIG. 11. Table 2 also demon-
strates that the concentration of assay reagent released from
the hydrophilic layer is typically 1% of the concentration of
the loading solution.

[0226] To further demonstrate that assay reagents of dif-
ferent types can be retained at the hydrophilic layer, glucose
was loaded into test strips to allow detection of microor-
ganisms capable of fermenting glucose in a test sample. As
before, FEP microcapillary film coated with cross-linked
PVA was loaded using a loading solution 700 mg/ml glucose
in water. After removal of loading solution and drying of the
capillaries, test strips were cut and dipped into water. The
water taken up into the test strips was removed using a
syringe and the concentration of glucose released into the
water was then measured using a commercially available
enzymatic glucose assay utilising hexokinase and glucose-
6-phosphate dehydrogenase. The concentration of glucose
released was 2.9 mg/ml, thus demonstrating that glucose can
be retained at a hydrophilic layer, such as cross-linked PVA.
[0227] The effect of viscosity of the loading solution on
the ability of the loading solution to load a hydrophilic layer
with assay reagent was also investigated. In this example, a
100 pg/ml solution of fluorescein dissolved in water alone or
water plus glycerol at a concentration of 0% v/v, 10% v/v,
50% v/v or 80% v/v was introduced into a FEP microcap-
illary film coated with cross-linked PVA. The viscosity of
these glycerol solutions was 1.31 mPas, 6.00 mPa-s, and
60.1 mPa-s, respectively, when measured at 20° C. Aftera 5
minute incubation, the loading solution was removed and
the capillaries dried by removal of the loading solution by
suction using a syringe. The loaded FEP film was cut into 10
cm long strips and dipped into water which was rapidly
drawn up into the capillaries. The concentration of fluores-
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cein released into the water was measured within the test
strip by imaging strips illuminated with 450 nm blue light
and imaging green fluorescence using a digital camera
through a longpass filter with cut-off of 500 nm. By com-
paring the green fluorescence intensity with control strips
filled with known concentrations of fluorescein, the concen-
tration of dye at 4 cm from the end of the capillaries dipped
into the water was found to depend on the concentration of
glycerol in the solution used to load capillaries with fluo-
rescein as follows: as the concentration of glycerol in
loading solution was increased from 0% to 10%, 50% and
80% v/v, the amount of fluorescein released increased from
1.9 ng/ml, to 4.5 pg/ml, 6.3 pg/ml to 14.4 ug/ml respectively.
These results demonstrate that increasing the viscosity of the
loading solution increases the amount of assay reagent
retained at the hydrophilic layer. This suggests that a film of
the assay reagent is deposited on the hydrophilic layer. It is
thought that increasing the viscosity of the loading solution
makes this reagent layer thicker by increasing capillary
number, Ca, resulting in higher retention of reagent.
[0228] The extruded microcapillary film (MCF) coated
internally with a hydrophilic layer can thus be used to form
the basis of a new platform for assays, such as blood typing
and bacterial identification assays, providing a simple and
cost effective method therefore. The key aspects of the
preferred embodiments of this invention involve:

[0229] 1. Coating each microcapillary internally with a
hydrophilic layer. This can be done by adsorbing poly-
mers such as polyvinylalcohol onto the inner surface of
the microcapillary film (MCF), optionally followed by
cross-linking. For example, capillaries can be coated with
20 mg/ml of PVA solution in water, and then fluid
aspirated leaving a thin-film at the surface of the capillary
bore. The polymer coats the plastic surface by passive
adsorption.

[0230] 2. Loading each individual microcapillary with a
specific assay reagent. This can be done by injecting
appropriate solutions down respective channels of an
MCF that may be several metres in length. The solutions
is then left to rest within the capillary at a constant
temperature for a few minutes (FIG. 12). The solution is
then dried by allowing an inert gas, such as nitrogen, to
gently flow through the capillaries or by mopping up the
solution using an absorbent material such as paper tissue

[0231] 2. The MCF can then be cut into lengths of, e.g., 1
cm (FIG. 13). This represents a very effective manufac-
turing route for assay devices.

[0232] 3. Operation is effected by allowing a sample fluid
to rise in the channels of the MCF by capillary action. The
assay reagent(s) embedded in the hydrophilic layer then
diffuse out and react with any substance of interest present
in the sample fluid.

[0233] 4. Detection can be by naked eye or automated.

[0234] Extruded FEP MCF is available from Lamina

Dielectrics, Ltd., Daux Road, Billingshurst, West Sussex

RH14 98J, United Kingdom.

[0235] FIGS. 12-14 illustrate a method of manufacturing

an assay device according to an embodiment of the present

invention.

[0236] In FIG. 12, a length of microcapillary film 200 is

provided on a reel 202. The capillaries are coated with a

hydrophilic layer. The film is manufactured from FEP, as

discussed above. The total length of the microcapillary film
can be, for example, at least 1 m. Longer lengths, e.g. up to
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5 m, 10 m, 20 m, or longer still can be manufactured via the
extrusion process discussed above.

[0237] Subsequently, it is possible to load each microcap-
illary with an assay reagent, such as an antibody. This may
be done, for example, using capillary action or a syringe and
needle. Conveniently, the loading step can be carried out
whilst the MCF remains on a reel. Where it is wanted to load
each microcapillary identically, this can be carried out by
dipping one end of the MCF into a single loading solution,
this loading solution being taken up into each capillary bore
by capillary action or aspirated into each microcapillary bore
using a single aspirator (not shown) at the opposite end of
the MCF. Where it is wanted to load one or more micro-
capillaries differently, the microcapillaries can be separated
at one end of the MCEF, either into individual microcapillar-
ies or into set of microcapillaries. Separation may be
achieved by cutting the film between the capillaries. Sepa-
rating the microcapillaries in this way, facilitates contacting
each microcapillary, or set of microcapillaries, with a dif-
ferent loading solution. This is useful where each microcap-
illary or set of microcapillaries is to be loaded differently.
The loading solution can be taken up into each capillary bore
by capillary action or aspirated into each microcapillary bore
or set of microcapillary bores, using a single aspirator.
Alternatively, a separate aspirator can be used for each
capillary or set of capillaries. The aspirator may, for
example, be a pipette or a syringe.

[0238] As shown in FIG. 12, duplicates of microcapillary
bores can be loaded with the same assay reagent, e.g.
antibody, to provide measurement redundancy in the device.
[0239] Subsequently, the loaded microcapillary is cut to a
desired length (e.g. 5-50 mm), as shown in FIG. 13, to form
an assay device 204. As will be understood, the long reel of
MCF can be used to form very many assay devices. There-
fore only a coating and a single loading step is required, even
though very many assay devices are produced.

[0240] Next, as shown in FIG. 14, the assay device 204
can be placed in a plastic case 206 and used to carry out a
blood typing assay by immersing one of the ends of the test
strip into a small blood drop or other liquid sample. When
the free end of the device 204 is dipped into a blood sample,
capillary action causes the blood to be drawn into and rise
in the capillary bores. The observation window 208 allows
agglutination to be optically detected near h,,,,,.
[0241] As shown in FIG. 15 the antibodies retained in the
hydrophilic coating of the MCF capillaries are quickly
released. The hydrophilic coating is preferably cross-linked
with cross-linking agents known to those of the art, for
reducing the contact angle of the sample with the wall and
increasing the velocity of the blood rising in the capillaries.
[0242] The experiments shown in FIGS. 16-19 were all
conducted in a MCF-FEP coated with PVA as the hydro-
philic layer. The thickness of the hydrophilic layer was 1-2
um. The molecular weight of the PVA used for coating the
MCF-FEP capillary bores was 13,000 to 23,000 g/mol.
[0243] Where the red blood cells present in the blood
sample do not have the antigen to which the antibody
retained in the hydrophilic layer specifically binds on their
surface, it was found that the blood flowed into and rose in
the capillary bore in the normal way. However, where red
blood cells present in the blood sample had the antigen to
which the antibody retained in the hydrophilic layer spe-
cifically binds on their surface, an agglutination reaction
occurred. This resulted in the agglutination of red blood cells
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in the capillary with a visible separation of the red blood
cells and the blood serum along the capillary (FIGS. 16 A-D
and 17A-C). In addition the agglutinated blood sample
reached a lower height in the capillary bore then the agglu-
tinated red blood cells (FIG. 16C). In the absence of agglu-
tination, the blood can reach a maximum height, b, ,in the
capillaries dictated by the ratio of the surface tension to
resistance (viscous) forces, which according to Young-
Laplace equation can be determined from the equilibrium
contact angle and the surface tension of whole blood with
air.

[0244] From both the optical and height response of the
blood sample in each capillary an agglutination test can then
be detected after only a few seconds, preferably after 120
seconds and ideally after 30 seconds (FIG. 19) in different
ways.

[0245] For example, one can measure a greyscale intensity
across the microcapillary array near h,,,,,. (FIG. 18A). For the
capillaries where the blood did not agglutinate (therefore
capable of reaching the maximum height in the capillary, i.e.
h,,,.) the plot would reveal a strong signal corresponding to
strong light absorption, whereas for the capillaries where the
red blood cells have agglutinated upon the release of the
complementary antibody the plot would show no signal
compared to background because of the absence of red
blood cells in the area scanned.

[0246] Alternatively, a short section of the capillary, pret-
erably 5 mm or less in length can be imaged across the
microcapillary array at a reference distance, e.g. h,,,./2
(FIG. 18B) and the result of the agglutination optically
detected by a skilled person, as agglutinated blood present as
patches of red blood cells e.g. FIGS. 16B and 18E), whereas
non-agglutinated presents as a very homogenous colour
intensity plot along the imaging section (FIGS. 16C and
18G).

[0247] As a further alternative, agglutination can be
detected by plotting the greyscale along each individual
capillary in the scanned area, with the agglutinated red blood
cells giving high signal variability. For example, the capil-
laries can be imaged by illuminating the background of the
capillary film with an LED and scanning top of the capillary
film with a CCD detector, such as a CCD technology flatbed
scanner in transmittance mode at a minimum resolution of
1,200 dpi, as in the case of FIGS. 16 A-18L. RGB images of
the capillaries were acquired using the CCD technology
flatbed scanner and then split into three different channels,
red, green and blue, and converted to 8 bits using image
analysis software imagel, a free program provided by the
National Institute of Health, USA. That was the case in FIG.
16A and FIG. 18A. Using the same 8 bit images, a greyscale
profile was plotted along each individual capillary. A grey-
scale value of 255 represents white colour (100% light
transmittance), whereas a greyscale value of 0 represents
black (0% light transmittance). Non-agglutinated blood
present as a smooth greyscale profile (see e.g. FIG. 16C),
while a variable greyscale profile indicates the presence of
agglutinated blood in the capillary (see e.g. FIG. 16D).
[0248] Preferably the presence of agglutination is deter-
mined using a device incorporating a CCD detector, which
is also capable of image analysis and the user is presented
with a yes/no answer regarding the presence of agglutinated
blood in each capillary.

[0249] The flat surfaces of the MCF material coupled with
a close matching in refractive index between the wall
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material and the liquid sample allow measuring the concen-
tration of red blood cells along and across each individual
capillary using cheap optical detection systems such as (but
not limited) to CCD cameras, digital microscopes, digital
cameras, smartphone cameras or flatbed scanners. Thus,
capillaries can be individually cross-interrogated using cost-
effective optical detectors. Close matching in refractive
index between the wall material and the liquid sample also
improves ease of detection of agglutinated blood samples in
the capillaries using the naked-eye.

[0250] In addition to blood typing, the assay devices of the
invention can be used for other applications, including the
identification of bacteria present in a test sample.

[0251] For example, E. coli can be identified by its ability
to inducibly express beta-galactosidase activity in the pres-
ence of a substrate for this enzyme. In contrast, Salmonella,
which are otherwise similar gram negative bacteria to E.
coli, cannot express beta-galactosidase. The ability to con-
vert, beta-galactosidase substrates such as ortho-nitrophe-
nyl-p-galactoside (ONPG) is therefore widely used as an
identification test to distinguish E. coli from Salmonelia.
When E. coli are cultured overnight in LB broth, low levels
of beta-galactosidase activity are observed, however after
culture in the presence of a substrate such as ONPG, lactose,
Isopropyl 3-D-1-thiogalactopyranoside (IPTG), or galac-
tose, high levels of beta-galactosidase enzyme are
expressed.

[0252] A 10 bore FEP microcapillary film was internally
coated with cross-linked PVA. Test microcapillary film was
prepared by first loading the capillaries with ONPG by
filling the capillaries with a 150 mg:mL~' ONPG substrate
solution in DMF and incubating for 5 minutes. The substrate
solution was then removed and the microcapillary film air
dried using a syringe to pass air repeatedly through the
capillaries. Seven test strips were cut from this ONPG
loaded microcapillary film and dipped into one of 7 different
aqueous samples. These comprised water (1); sterile Luria-
Bertani lysogeny broth (LB) media (2); a 0.1 U/ul solution
of p-galactosidase enzyme (3); an overnight culture of F.
coli (ATCC accession number: 25922) suspended in LB (4);
an overnight culture of Salmonella typhimurium (strain
SL.3261) suspended in LB (5); an overnight culture of E. coli
suspended in a phosphate buffer saline PBS (6); an overnight
culture of S. typhimurium suspended in PBS (7). Negative
control test strips consisting of PVA coated cross-linked
PVA but not loaded with ONPG were dipped into the same
samples (referred hereafter as no substrate). As a compari-
son, similar assays were also performed in 96 well-plates
with ONPG substrate solution (final concentration 1 mg-ml~
1) added to the different samples in a final volume of 100 pl.
[0253] In the control experiments performed in 96-well
plates, no yellow colour (which would indicate enzymatic
conversion of ONPG) was observed in either bacterial
suspension. After overnight incubation to allow induction of
beta-galactosidase activity, wells containing . coli but not
S. typhimurium suspensions turned yellow, indicating induc-
tion of beta-galactosidase activity and thereby allowing
identification of E. coli.

[0254] When the ONPG loaded cross-linked PVA coated
MCF test strips were used, a similar pattern of yellow colour
production was observed. When dipped into samples, test
strips rapidly sucked up aqueous samples into all capillaries,
as expected. After 5 minutes incubation, strips dipped into
sample (3) turned yellow, indicating a rapid reaction
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between ONPG and the positive control beta-galactosidase
enzyme solution. In contrast, no other test strip changed
colour, indicating as expected that neither LB broth, nor
bacterial suspensions, contained beta-galactosidase enzyme.
However, test strips dipped into overnight cultures of . coli
(suspensions (4) and (6)), turned dark yellow, indicating the
presence of beta-galactosidase enzyme. In contrast, test
strips dipped into LB (2) or suspensions of S. typhimurium
(5) and (7) did not change colour, indicating that neither the
bacterial growth medium, nor the buffer, contained beta-
galactosidase. As expected, no yellow colour was observed
in any of the control test strips coated with cross-linked PVA
but not loaded with ONPG. These results are summarised in
Table 3.

TABLE 3

Qualitative detection of E. coli in FEP microcapillaries
coated with cross-linked PVA and loaded with ONPG

Incubation time

ONPG loaded Non-loaded capillaries
capillaries (control)

Sample 5 min Overnight 5 min Overnight
(1) Water - - -
(2) LB broth - - -
(3) beta-galactosidase + - -
solution
(4) E. coli in LB broth - + - -
(5) S. typhimurium in LB - - - -
broth

(6) E. coli in PBS - + — _
(7) S. typhimurium in PBS - - — _

[0255] A further experiment was conducted to demon-
strate rapid detection of bacterial enzymatic activity. Over-
night cultures of E. coli and S. typhimurium were diluted
1:100 in LB broth with the inclusion of the beta-galactosi-
dase inducer IPTG (final concentration 1 mM) for 3 hours,
and then tested using OPNG loaded FEP microcapillary test
strips coated with cross-linked PVA. Under these conditions,
some bacterial strains including E. coli are able to produce
high levels of beta-galactosidase, whereas others including
S. typhimurium do not.

[0256] As above, test strips were loaded with ONPG and
tested by dipping into samples of either no bacteria, IPTG-
cultured E. coli, or IPTG-cultured S. typhimurium. The
colour of the ONPG-loaded test strips dipped into these
three samples was examined after 1 hour incubation at 37
degrees C. In the test strips dipped into samples of IPTG-
cultured E. coli, a yellow colour was observed, indicating
the presence of high levels of beta-galactosidase. In contrast,
in the test strips dipped into samples of IPTG-induced S.
typhimurium or no bacteria, no yellow colour was observed,
and the test strips remained colourless, indicating that these
bacteria were unable to produce beta-galactosidase. This
demonstrates that ONPG loaded test strips are useful for
rapidly distinguishing very similar bacteria that have differ-
ent beta-galactosidase enzymatic capacity.

[0257] The ability of bacteria to ferment specific sugars is
also frequently used to distinguish similar species of bacte-
ria. For example, E. coli are able to ferment lactose and
glucose and produce acid when they are incubated in the
presence of either of these sugars. In contrast, Salmonella
such as S. typhimurium are only able to ferment glucose and
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produce acid in the presence of glucose, but are not able to
ferment lactose and do not produce acid when incubated in
the presence of lactose.

[0258] A 10 bore FEP microcapillary film was internally
coated with cross-linked PVA. Test microcapillary film was
prepared by first loading the capillaries with either glucose
or lactose by filling the capillaries with a 1 g/L. solution in
water and incubating for 5 minutes. The sugar solutions
were then removed and the microcapillary film air dried
using a syringe to pass air repeatedly through the capillaries.
Three test strips were cut from each of the glucose or lactose
loaded microcapillary film and dipped into one of 3 different
aqueous samples. The first sample was a control sample that
contained no bacteria. The second sample contained a sus-
pension of E. coli. The third sample contained a suspension
of Salmonella typhimurium. All three aqueous samples also
contained Phenol Red Broth (Casein peptone 1 g/I; NaCl
0.5 g/L; Phenol Red 1 g/1). The samples all started out with
a pH of 7 and were bright red in colour. When dipped, each
aqueous sample was rapidly drawn up into the test strips,
and the microcapillaries were clearly bright red in colour
due to the Phenol Red indicator dye in the sample. All test
strips were then incubated for 1 h at 37 degrees C. In the
presence of either glucose or lactose, the strips dipped in the
control sample without cells remained a bright red colour. As
expected, both glucose and lactose loaded test strips dipped
into samples with E. coli turned yellow indicating a reduc-
tion in pH and therefore demonstrating the presence of
bacteria capable of fermenting both glucose and lactose in
these samples. In contrast, only the glucose loaded test strip
dipped into the sample containing S. typhimurium turned
yellow, while the lactose loaded strips remained bright red,
confirming the presence of a bacterial strain which is
capable of fermenting glucose but not lactose.

[0259] To demonstrate that hydrophilic coatings other
than cross-linked PVA can also be used for the retention of
assay reagents, FEP microcapillary film was coated with the
polymers HPMC (hydroxyl propyl methylcellulose) and
gelatine by incubating FEP microcapillary films filled with
a 0.2% w/v gelatine solution or a 0.6% w/v HPMC solution
overnight. The polymer solutions were then removed from
the microcapillary film and the film dried by repeatedly
aspirating air through the film strip using a syringe. An FEP
microcapillary film coated with cross-linked PVA was used
as a control. 8 cm lengths of each polymer coated film were
then loaded with ONPG reagent by dipping the film into a
150 g/I. ONPG solution. After a 5 minute incubation, the
ONPG solution was removed and capillaries were dried
using a syringe. The test films were then dipped into water,
and the amount of ONPG reagent released into the water
measured by a colorimetric endpoint determination using
beta-galactosidase enzyme. With the cross-linked PVA
coated test strips, 7.8 mg/ml ONPG was released, with
gelatine coated test strips 7.2 mg/ml ONPG was released,
and with HPMC coated test strips 21.5 mg/ml ONPG was
released. These results demonstrates that a range of different
hydrophilic coatings can be used to retain assay reagents in
the capillaries, and that these assay reagents are further
rapidly released into a liquid sample drawn up into the
capillaries by capillary action.

[0260] Next it was tested if assay reagents can be immo-
bilized at the hydrophilic layer. This is useful, for example,
for quantitative ELISAs where the capture antibody needs to
be immobilized on a surface.
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[0261] A 10 bore FEP microcapillary film was coated with
low-molecular weight PVA and cross-linked with glutaral-
dehyde for 2 h, as described for other examples above. A 40
ng/ml solution of a monoclonal antibody specific for human
Prostate Specific Antigen (PSA) was then added to the
capillaries and the antibody covalently bound to the hydro-
philic layer by incubating sequentially in 5% v/v glutaral-
dehyde and then 1 mg/ml NaBH, and then blocked with 3%
BSA. The microcapillary film was then cut into a number of
8 cm long test strips, and interfaced to a number of microw-
ells via push-fit seals. The device was placed in the vertical
position, and immunoassay solutions sequentially loaded
into the well. Because of the hydrophilic nature of the coated
capillaries, the solutions ran by gravity until no solution was
left in the wells. The sequence of solutions in the sandwich
ELISA assay involved recombinant protein with the stan-
dards for 5 minutes, 1 pg/ml biotinylated-labelled antibody
for 5 minutes, 1 pg/ml high-sensitivity streptavidin-HRP
enzyme conjugate for 5 minutes. The strips were then
washed 4 times with PBS-Tween, after which 4 mg/ml of
chromogenic substrate OPD was added. The volume of
reagent added to the wells on each step was 200 microliters.
Binding of the detection antibody to PSA bound by the
capture antibody was determined from the grey scale of the
blue channel split from RGB image of the microcapillary
film captured with a flatbed scanner for 2 min incubation of
OPD substrate. FIG. 20 shows that as the amount of recom-
binant PSA protein in the sample increased, the absolute
Absorbance signal increased, demonstrating both that the
capture antibody was successfully immobilized at the hydro-
philic layer, and making quantitative detection of antigen
possible.

[0262] Two methods of including a reagent into the hydro-
philic coating layer were tested. First, a 30 mm long fluid
slug containing assay reagent was manually injected into a
30 cm long, 200 micron i.d. FEP Teflon microcapillary
coated with cross-linked HMW PVA, as shown in FIG. 21A.
The fluid slug was then aspirated from the other end of the
capillary using a vacuum pump as shown in FIG. 21B.
[0263] The time for the slug to travel the 30 cm distance
and the corresponding final length of the slug were both
measured. The mean liquid superficial flow velocity, v and
apparent viscosity of the fluid, 1 were varied by repeating
experiments in the presence of 0, 10, 20, 30, 40 and 50 v/v
% of glycerol. The data in FIG. 22 shows the deposited film
thickness follows closely the Taylor’s law, in which the
reduction in length is proportional to the capillary number,
given by: Ca=n*v/y, where y is the surface tension of
glycerol:water mixtures.

[0264] Surprisingly, the amount of fluid deposited
increases linearly with the mean superficial flow velocity.
Such a result is surprising when convective forces are
considered alone. It should be noted that shear increases
with fluid velocity, which is believed to make the film
thinner.

[0265] Full deposition of the fluid slug is possible by using
longer lengths of microcapillaries or shorter lengths of slugs.
The full volume of a 10 mm long water slug was 100%
deposited in a 30 cm long capillary using a superficial flow
velocity of 30 mm/s. The deposited thin liquid film can be
dried by passing an inert gas like nitrogen through the
microcapillary.

[0266] An alternative method of deposition consists in
fully loading the microcapillaries with the assay reagent
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dissolved in a fluid, such as water (FIG. 23A). The fluid is
then pushed out of the microcapillary with pressurised air or
inert gas, such as nitrogen. The film thickness is controlled
by the capillary number, which depends on viscosity of the
fluid, surface tension and mean superficial flow velocity of
the air/gas during the removal of excess reagent (FIG. 23B).
The deposited thin liquid film can be dried by passing an
inert gas, such as nitrogen, through the microcapillary. In
addition, the removed excess assay reagent can be reutilised.
[0267] An experiment was conducted to test a combina-
tion of sugar fermentation and enzymatic assays for the
specific identification of bacteria. Individual 200 micron
internal diameter capillaries coated with cross-linked HMW
PVA were individually loaded with different reagents to
perform a combination of colourimetric sugar fermentation
and enzymatic assays as shown in Table 4.

TABLE 4

Reagents loaded into individual capillaries
Loaded reagents

Capillary Fermentation
number assays Enzymatic assays
1 None None
2 Glucose None
3 Maltose 4-Nitropheny!
phosphate
4 Mannitol 4-Nitropheny!
phosphate
5 Mannose 4-Nitropheny! p-D-
glucuronide
6 Sucrose 4-Nitropheny! p-D-
glucuronide
7 Trehalose 4-Nitropheny! p-D-
glucopyranoside
8 N-Acetyl 4-Nitropheny! p-D-
Glucosamine glucopyranoside
9 Arginine 4-Nitropheny! p-D-
galacto-pyranoside
10 Urea 4-Nitropheny! p-D-

galacto-pyranoside

[0268] The sugar fermentation strips had the capillaries
individually loaded with sugars at a concentration of 750
mg/ml. with the exception of mannose (450 mg/ml), or
arginine (700 mg/mL) containing glucose (10 mg/ml) and
pyridoxal (0.1 mg/mL) or a solution of urea at 500 mg/mL;
the enzymatic assay strips were loaded with enzymatic
substrates at concentration of 500 mg/ml. (as summarised in
Table 4).

[0269] The strips were then trimmed to produce short 30
mm long strips, that were dipped into samples containing
bacteria, either Staphylococcus Aureus ATCC 25923;
Staphylococcus Epidermidis ATCC 12228 or Staphylococ-
cus Saprophyticus ATCC 15305 resuspended in Microbatch
Staph 12 S suspending media. The strips were incubated
overnight at 37° C., and positive/negative identification of
assays on individual capillaries was performed by imaging
the strips with CCD camera.

[0270] Sugar Fermentation: if a sugar is fermented, bac-
teria will produce acid end products and the pH of the
medium will drop. The media contains a pH indicator to
indicate acid production. A positive test for sugar fermen-
tation consists of a colour change from orange to yellow,
indicating a pH change to acidic.

[0271] Arginine and Urea degradation (detection of Argi-
nine dihydrolase/Urease): when arginine or urea are present,
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the pH of the medium rises. Accordingly, a positive test for
detection of arginine dihydrolase or urease consists of a
colour change from orange to purple indicating a pH change
to alkaline.

[0272] Enzyme detection: enzymatic substrates are nor-
mally colourless. If bacteria have the targeted enzymes, the
substrates will be hydrolysed, releasing compounds that will
produce a yellow colour indicating a positive reaction.
[0273] The imaged strips are shown in FIG. 24 and the
bacteria identification resulting from data interpretation is
summarised in Table 5.

TABLE 5
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[0279] Chin et al., Microfluidics-based diagnostics of
infectious diseases in the developing world, Nat. Med.,
(2011) 17:1015-1019

[0280] Edwards, A. D.; Reis, N. M.; Slater, N. K. H.;
Mackley, M. R. Lab on a Chip 2011, 11, 4267-4273.

[0281] Fujii, Y.; Henares, T. G.; Kawamura, K.; Endo, T.;
Hisamoto, H. 2012, 12, 1522-1526.

[0282] Gervais and Delamarche, Toward one-step point-
of-care immunodiagnostics using capillary-driven micro-
fluidics and PDMS substrates, Lab Chip, (2009) 9:3330-
3337

Results from colourimetric fermentation and enzymatic assays.

Capillary number (from left to right)

1 2 3 4 5 6 7 8 9 10
Fermentation Staphylococcus Aureus O Y Y Y Y Y Y Y OFP P
assays ATCC 25923
Staphylococcus O Y Y O O Y O O P P
Epidermidis
ATCC 12228
Staphylococcus O Y Y Y O Y Y O (@) P
Saprophyticus
ATCC 15305
Enzymatic  Staphylococcus Aureus T T Y Y Y Y T T T T
assays ATCC 25923
Staphylococcus T T T T Y Y T T T T
Epidermidis
ATCC 12228
Staphylococcus T T T T T T T T Y Y
Saprophyticus
ATCC 15305
O—orange;
Y—Yellow;
P—purple;
T—transparent
[0274] In another embodiment, a device is shown in FIG. [0283] Hitzbleck M., Gervais L., Delamarche E., Con-

25 for performing immunoassays consisting of multiple
capillaries coated with the polymer layer and in which
antigens or antibodies are immobilised covalently in the
layer. The assay can be performed based on gravity, without
the need of any hydraulics. The sample and reagents can be
loaded manually using a dropper, pipette, syringe or other
manually liquid handling device, or automatically using e.g.
a syringe pump. Such a device provides a similar function-
ality to the sandwich PSA assay described above (and
illustrated in FIG. 20) with an alternative loading method.
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We claim:

1. An assay device having:

a unitary body with an exterior surface, the unitary body
being substantially transparent to visible light and
formed from a material having a refractive index in the
range 1.26 to 1.40, the refractive index being measured
at 20° C. with light of wavelength 589 nm, and wherein
the unitary body is formed from a hydrophobic mate-
rial, and

at least two capillary bores extending internally along the
unitary body, wherein at least a portion of the surface
of each capillary bore includes a hydrophilic layer for
retaining an assay reagent, and

wherein the hydrophilic layer is also substantially trans-
parent to visible light to allow optical interrogation of
the capillary bores through the capillary wall.

2. The assay device according to claim 1, wherein the
hydrophilic layer is coated onto the surface of one or more
capillary bores.

3. The assay device according to claim 1, wherein an
assay reagent is retained at least at a portion of the hydro-
philic layer of one or more capillary bores.

4. The assay device according to claim 3, wherein one or
more assay reagents are reversibly retained at the hydro-
philic layer.

5. The assay device according to claim 3, wherein one or
more assay reagents are irreversibly retained at the hydro-
philic layer.

6. The assay device according to claim 3, wherein one
capillary bore has a different assay reagent retained at the
hydrophilic layer or hydrophilic layer-coated surface of the
capillary bore compared with at least one other capillary
bore.

7. The assay device according to claim 3, wherein two or
more capillary bores have the same assay reagent retained at
the hydrophilic layer or hydrophilic layer-coated surface of
the capillary bore, in order to provide measurement redun-
dancy in the device.

8. The assay device according to claim 3, wherein the
assay reagent is selected from the group consisting of: a
population of first members of a respective binding pair,
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each first member being capable of specifically binding with
a second member of the respective binding pair; an enzyme
substrate; a dye; a pH indicator; a substance which inhibits
or promotes growth of a microorganism; particle reagents;
and a metabolic substrate for a microorganism.

9. The assay device according to claim 8 wherein the
population of first members is a population of antibodies.

10. The assay device according to claim 1 wherein the
hydrophilic layer comprises, or consists of, polyvinylalcohol
(PVA), cross-linked polyvinylalcohol (PVA), gelatine,
hydroxypropylmethylcellulose (HPMC), carboxymethyl
cellulose (CMC), poly-lysine, collagen, PVA and dextrin,
PVA and dextran, PVA and gelatine, cross-linked chitosan,
or alginate and calcium.

11. The assay device according to claim 1 wherein the
hydrophobic material is a fluoropolymer selected from the
group consisting of fluorinated ethylene polypropylene
(FEP), tetrafluoroethylene hexafluoropropylene vinylidene
fluoride (THV), perfluoroalkoxy (PFA), polytetrafluoroeth-
ylene (PTFE), ethylene tetrafluoroethylene (ETFE), and
poly(chlorotrifluoroethylene) (PCTFE).

12. The assay system, the system having at least one assay
device according to claim 1 and a holder for holding the
assay device.

13. The assay system according to claim 12 wherein the
holder provides observation means to allow at least a part of
the assay device to be observed.

14. The method of performing an assay for determining
the presence of a substance in a sample fluid using a device
according to claim 3, the method including the steps:

bringing a sample fluid into contact with the capillary

bores of the device;

(1) allowing the sample fluid to rise in the capillary
bores by capillary action thereby bringing the sample
fluid into contact with the assay reagent(s) retained at
the hydrophilic layer or hydrophilic layer-coated
surface of the capillary bore(s); or

(ii) allowing the sample fluid to fill the capillary bores
by gravity thereby bringing the sample fluid into
contact with the assay reagent(s) retained at the
hydrophilic layer or hydrophobic layer-coated sur-
face of the capillary bore(s); and

optically interrogating the capillary bores through the

capillary wall to determine the presence of the sub-

stance in the sample fluid.

15. The method according to claim 14 wherein the optical
interrogation step is carried out using a digital camera,
digital microscope, flatbed scanner.

16. The method for manufacturing an assay device
according to claim 1, the method including:

providing an extruded body having at least two capillary

bores extending internally along the body, the body

being substantially transparent to visible light and
formed from a material having a refractive index in the
range 1.26 to 1.40, the refractive index being measured

at 20° C. with light of wavelength 589 nm; inserting a

coating fluid into the capillary bores to coat at least a

portion of the surface of each capillary bore with a

hydrophilic layer for retaining assay reagents, wherein

the hydrophilic layer is also substantially transparent to
visible light; and

forming a coated extruded body.

17. The method according to claim 16 further comprising
the step of inserting a respective loading fluid into one or
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more capillary bores of the coated extruded body, each
loading fluid comprising an assay reagent, to retain the assay
reagent(s) at least at a portion of the hydrophilic layer-coated
surface of the capillary bore(s), and forming a coated and
loaded extruded body.

18. (canceled)

19. The method according to claim 16, wherein the assay
reagent is selected from the group consisting of: a popula-
tion of first members of a respective binding pair, each first
member being capable of specifically binding with a second
member of the respective binding pair; an enzyme; an
enzyme substrate; a dye; a pH indicator; a substance which
inhibits or promotes growth of a microorganism; particle
reagents; and a metabolic substrate for a microorganism.

20. (canceled)

21. The method according to claim 16, further including
the step of cutting the coated, or coated and loaded, extruded
body to form an assay device of a required length, wherein
the coated, or coated and loaded, extruded body, before
cutting, has a length of at least 20 cm.

22. The method according to claim 16, being a method for
manufacturing a set of n assay devices, the method further
including cutting the coated, or coated and loaded, extruded
body to form the set of n devices, each device having a
length of at least X,

wherein the coated, or coated and loaded, extruded body,

before cutting, has a length of at least nX, or a length
of at least 20 cm.

#* #* #* #* #*



