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(57) Abstract: Microfluidic devices and in particular micro-
fluidic devices incorporating a cascading valve arrangement
for selectively controlling the flow of a fluid within the mi-
crofluidic device are described. Specific examples of a mi-
crofluidic device comprising a sacrificial valve (210) whose
opening is triggered by the opening of a second valve (220),
causing a retraction of a fluid spacer (213) thus bringing li-
quid (214) into contact with the dissolvable valve membrane
(210).
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Title

Microfluidic Device.
Field

The present application relates to a microfluidic device and in particular to
a rotatable microfluidic device provided on a centrifugal platform and configured
to selectively direct fluids through a predetermined path using one or more
valves. . In one configuration the device comprises a first valve in fluid
communication with an actuation member, and configured such that actuation of
the actuation member effects a retraction of a fluid spacer provided in front of or
upstream of the first valve to allow a liquid come into contact with and dissolve
the first valve. Desirably this actuation of the actuation member and the
subsequent dissolution and opening of the first valve can be event triggered so
as to allow for cascading events which mirror a predetermined number of steps
in an assay. This sequential opening provides for a selective control of the flow
of a fluid within the microfluidic device. In another configuration the present
teaching provides a valving arrangement comprising a selective actuation
mechanism facilitated by the sequential passing of different fluids passed the
valve. In yet another configuration the present teaching provides a multilayer
microfluidic device comprising first and second fluid channels provided in
different layers of the device, each of the first and second channels leading a
common destination and providing an integrated metering and aliquoting

arrangement.

Background

Many key fluidic elements of integrated centrifugal microfluidic platforms
(e.g., decanting, metering, mixing, siphoning) are either derived from or can be
improved through valving technologies. Sacrificial valves are of particular
interest, serving as superior liquid/vapour barriers that act as programmable
flow control elements and offering novel capabilities like on-board reagent

storage. Traditionally, these sacrificial valves necessitate embedding (fluidically/
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pneumatically) isolating materials and actuating those gating mechanisms
through complex external triggers.

For example, one of the known valving techniques using a sacrificial
material is wax valving, where small quantities of wax are embedded in a
microchannel until actuated by a heat source which melts the wax and can
allow for liquid to pass. In these setups the valving requires multiple pieces of
equipment/processes to manufacture and actuate, i.e., a dispenser, which can
melt the wax for initial placement during fabrication and a heat source (resistive
heater, laser, etc.) to melt the waxes during operation. Another sacrificial
valving scheme is based on melting polymer films by a laser, typically aided by
absorptive properties of the sacrificial material. Another sacrificial valving
mechanism uses variances in the speed of rotation of the microfluidic device to
selectively open individual valves. By changing the rotational speed the
pressure experience by the valve can be increased until it reaches a burst
pressure which then bursts and ruptures the valve. Manufacturing tolerances
and the limited practical spin-rates which may be used can limit the number of
valves which can be discretely and/or simply incorporated on a microfluidic

device.

An improved microfluidic device incorporating a sacrificial valve for
selectively controlling the flow of a fluid within the microfluidic device is
described in W0O2012164086 co-assigned to the present assignee, the content
of which is incorporated herein by way of reference.

There continues to exist a need for controlling the flow of fluid within a

microfluidic device.

Summary

These and other problems are addressed by a microfluidic device which
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incorporates valves to selectively control the passage of liquid through the
device. In accordance with the present teaching the term "fluid" is intended to
define a substance that continually deforms (flows) under an applied shear
stress. Fluids are a super set of the phases of matter and include liquids, gases,
plasmas and, to some extent, plastic solids. It will be appreciated therefore that

while all liquids are fluids, not all fluids are liquids.

A rotatable device comprising a microfluidic network of a plurality of
microchannels, the network comprising a first release valve comprising a
dissolvable membrane, the dissolvable membrane being dissolvable on contact
with a working liquid to effect an opening of the first release valve and
characterised in that the first release valve is in fluid communication via a
microchannel with an actuation member, the actuation member defining a
control valve of the device, the device further comprising a fluid spacer provided
upstream of the first release valve, the fluid spacer separating the dissolvable
membrane of the first release valve from the working liquid and wherein operably
actuation of the actuation member removes a counteracting force that was
previously serving to prevent the working liquid progressing forwardly towards
the first release valve and allows the working liquid reach the release valve by
causing a retraction of the fluid spacer away from the dissolvable membrane and
allowing the working liquid to come into contact with and dissolve the dissolvable

membrane which effects an opening of the first release valve.

Preferably, the device comprising a plurality of actuation members in fluid
communication with the first release valve and configured to provide an OR

routing arrangement.

Preferably, the device comprising a second release valve, the first release
valve and the second release valve each in fluid communication with a single
actuation member and configured to provide parallel release of liquid from
multiple liquid reservoirs; and preferably

wherein the actuation member is in fluid communication with a plurality of valves
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provided upstream of the actuation member, actuation of the actuation member
being operably effected through a release of liquid from the plurality of upstream

valves.

Preferably, the device comprising a plurality of release valves and a
plurality of control valves, the plurality of release and control valves configured to
be responsive to changes in a rotation rate of the device, selective actuation of
individual ones of the plurality of release and control valves being effected by

changing the rotation rate of the device.

Preferably, the device configured such that actuation of the actuation
member effects an opening of the first release valve so as to provide a
sequential opening of individual fluid channels within the microfluidic device and
the selective control of the flow of the working liquid within the microfluidic
device; and preferably wherein the actuation member comprises a dissolvable

membrane which selectively dissolves on contact with a predetermined liquid.

Preferably, the device wherein the first release valve comprises a liquid
dissolvable film, the valve being located within a microchannel in fluid
communication with an outflow; wherein the actuation member comprises a gas-
tight barrier and the fluid spacer comprises a compressed gas and wherein
operably a bringing of the liquid into contact with the first release valve dissolves
this valve and opens a path for the working liquid into another microchannel of

the microfluidic network.

Preferably, the device wherein the actuation member comprises a gas-
tight barrier and the fluid spacer comprises a compressed gas and the device is
configured such that when the first release valve and actuation member are
provided in a normally closed configuration the working liquid can be operably
compressed into a pneumatic chamber upstream of the first release valve and is
separated from the first release valve by the compressed gas, the compressed

gas providing a gas pocket between a sacrificial membrane of the first release

3A



27 Oct 2017

2014280043

25

30

WO 2014/198939 PCT/EP2014/062453

valve and the working liquid and prevents the working liquid coming into contact
with the sacrificial membrane; and further

configured such that an opening of the actuation member creates a vent to the
pneumatic chamber and the reduced pressure allows the working liquid to reach

the first release valve.

Preferably, the device comprising a plurality of fluid paths defining a
network and wherein the network comprises a channel defining a fluid
communication path between the first release valve and actuation member, the
channel being dimensioned to restrict flow of a liquid through the actuation
member; and further
wherein the channel defines a barrier, wherein the barrier is at least one of

a physical barrier;

resultant from the shape of a fluid path between the first release valve and

the actuation member;

a surface treatment of a fluid path between the first release valve and the

actuation member;

a gas-permeable, liquid-impermeable membrane; or

a tortuous path; and
wherein the channel extends radially inwardly, relative to an axis of rotation of
the device, so as to provide a geometric barrier to prevent a liquid being
centrifugally pumped through the actuation member; and
wherein the channel defines a syphon; and preferably
wherein the channel adopts a U-shaped path, the bend defined by the U being
proximal to the axis of rotation of the device; and
wherein the network comprises a channel defining a fluid communication path
between the first release valve and actuation member, the channel comprising a

gas permeable, but liquid impermeable membrane.
Preferably, the device wherein the actuation member is actuatable
through external stimulus such as mechanical, pressure, acoustic, chemical,

thermal and irradiation or through contact with some liquid or gas.

3B
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Preferably, the device wherein the actuation member comprises a
dissolvable film which is openable through contact with a liquid or a deformable

membrane which is deformed through external stimulus.

Preferably, the device wherein a rate of breakdown of the fluid spacer is
controlled by providing the vent in fluid communication with the fluid spacer,

wherein the vent comprises a gas permeable solid matrix.

Preferably, the device of any preceding claim primed to include the fluid
spacer provided between the working liquid and the sacrificial member of the
valve; and preferably
wherein a time delay between actuation of the actuation member and an
opening of the first release valve is dependent on the rate of breakdown of the
fluid spacer and the subsequent dissolution rate of the sacrificial membrane; and
wherein properties of the working liquid are matched to properties of the

sacrificial membrane to control a dissolution rate of the membrane.

Preferably, the device configured to be operably coupled to drive means
to provide centrifugally or rotationally induced artificial gravity conditions to

induce flow of a liquid within the device.

Preferably, the device comprising a gas permeable, liquid impermeable

membrane between the first release valve and the actuation member.

Preferably, the device wherein the liquid is a working liquid of the device,
the device further comprising an ancillary liquid operably used to effect an

actuation of the actuation member.

In a first arrangement the present teaching provides a microfluidic device
comprising a first valve in fluid communication with an actuation member, which
may be provided by a second valve. The first valve is provided with a fluid spacer

provided upstream of the first valve, the fluid spacer separating a dissolvable

3C
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membrane of the first valve from a liquid. Actuation of the actuation member
causes a retraction of the fluid spacer and allows the liquid to come into contact
with the dissolvable membrane which effects an opening of the first valve. In this
Way actuation of the first valve is controlled by actuation of the actuation member

which is in fluid communication with the first valve.

It will be appreciate that similarly to any rupturable membrane, a valve
provided in accordance with the present teaching and also comprising a
sacrificial membrane will also mechanically or pneumatically burst above a
certain frequency of rotation of the device. It will be understood that the normal
operating frequencies of a rotatable microfluidic device provided in accordance
with the present teaching will be well below these "destructive" frequencies and in
accordance with the present teaching an increasing of the frequency of rotation
in itself is not used to effect the dissolving of the sacrificial membrane. In
accordance with the present teaching the membrane dissolves due to at least
contact with a liquid as opposed to simply increasing the burst pressure on the

membrane by increasing the frequency of rotation of the device.

It will be appreciated that certain applications may require both a wetting

of a membrane and a certain rotation frequency to achieve an opening of the first
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valve but in these applications the opening of the first valve will still require

actuation of an actuation member

In one implementation the actuation of the actuation member can be used
to change the conditions experienced by the first valve such that the frequency
of rotation of the device can be maintained at a preset frequency but by
actuating the actuation member the burst frequency of the first valve is reduced.
In this way the first valve will open after actuation of the actuation member
without changing the frequency of rotation of the device.

In instances where the actuation member is a second valve of the system,
the second valve may also comprise a dissolvable membrane which selectively
dissolves on contact with a predetermined liquid.

By providing a first valve in fluid communication with an actuation member
and configured relative to one another such that actuation of the actuation
member effects an opening of the first valve, the present teaching provides a
sequential opening of individual fluid channels within the microfluidic device and
the selective control of the flow of a liquid within the microfluidic device.

Desirably this opening of a first valve is effected without any additional
third party or external stimulus. In this way a passive control of sequential valve
operation is achieved; the actuation of the actuation member serving to trigger
the subsequent opening of additional valves within a microfluidic network.

The first valve, or release valve, desirably comprises a gas tight, liquid
dissolvable film and this valve is connected to an outflow. The actuation
member which may be provided in the form of a second valve of the system or
a control valve, comprises a gas-tight barrier. When the valves are provided in a
normally closed configuration a liquid, the working liquid, can be compressed

into a pneumatic chamber/microchannel upstream of the release valve but,
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under normal operating conditions, cannot reach the release valve as it is
separated by a fluid spacer formed by compressed gas. In this way, the
compressed gas provides a gas pocket between a sacrificial membrane of the
release valve and the otherwise advancing working liquid and prevents the
working liquid coming into contact with the sacrificial membrane. By suitably
arranging the first and second valves relative to one another an opening of the
control valve changes the normal working conditions to create a vent to the
pneumatic chamber and the reduced pressure allows the working liquid to reach
the release valve. In an asymptotic case the vent opens the system to
atmosphere. The bringing of the working liquid into contact with the release
valve dissolves this valve and opens a path for the working liquid into another

microchannel of the microfluidic network.

In certain configurations a channel defining a fluid communication path
between the first and second valves is shaped such that the liquid cannot travel
out the control valve. This effect can also be incorporated through blocking the
channel defining the fluid communication path between the first and second

valves using a gas permeable, but liquid impermeable membrane.

The actuation mechanism for the actuation member or control valve may
vary and may comprise one or more different mechanisms cooperating with
each other to provide an opening of the control valve. For example, the
actuation member may be opened through external stimulus such as
mechanical, pressure, acoustic, chemical, thermal and irradiation or through

contact with some liquid or gas.

In another configuration, the control valve comprises a dissolvable film
which can be opened through contact with a liquid. It will be appreciated that
dissolving is different to disintegration, the latter resultant typically from an
increase in pressure applied to a valve and a subsequent bursting of the valve
whereas the former relates to the incorporation of a portion of the valve into the

5
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liquid to form a solution.

In another configuration the control valve comprises a deformable
membrane which is deformed through external stimulus (such as a mechanical,
electrical or pneumatic stimuli which serves to reduce pressure on other side of
membrane to effect a retraction of the fluid spacer. In another example an
external stimulus could trigger a chemical reaction which reduces the pressure
and effects a removal of the fluid spacer element to allow the liquid come into
contact with and dissolve the sacrificial membrane.

By providing the first valve as a sacrificial valve, the present teaching
allows active valving that provides the strength of a physical barrier in a way
that well integrates with production techniques and eliminates the need for

peripheral actuation mechanisms.

In accordance with one arrangement, a microfluidic device comprises a
channel separated into first and second regions by presence of a first valve
comprising a sacrificial membrane within the channel. A liquid is provided in a
first region of the channel upstream of the valve, the membrane providing a
barrier to the liquid flowing into the second region downstream of the valve. A
fluid spacer is provided between the membrane and the liquid and prevents
contact between the two. A second valve provided in fluid communication with
the first valve and in the normally closed configuration serves to maintain the
volume of the fluid spacer upstream of the first valve. By opening the second
valve, the fluid spacer dissipates away from the region upstream of the
membrane and allows the liquid to operably advance and come into contact
with the membrane thereby effecting a dissolving of the membrane. By operably
inducing the liquid to flow towards the sacrificial membrane of the first valve, the
opening of the second valve initiates contact of the liquid with the sacrificial

membrane with the result that the sacrificial membrane dissolves and the liquid
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may then pass from the first to the second region previously sealed by the first

valve.

In accordance with such an arrangement the device is primed to include a
fluid spacer in the form for example of a gas pocket provided between the liquid
and the sacrificial member of the valve. In the absence of an induced fluid flow,
the gas pocket prevents liquid contact with the sacrificial member, i.e. the gas
pocket provides a plug or buffer between the liquid and the sacrificial member.
Typically the gas pocket is bordered at a first side by the meniscus of the liquid

from the first region and at a second side by the gas-tight, sacrificial membrane.

The time delay between activation of the second valve and the opening of
the first valve is typically dependent on the time it takes the second valve to
open, a rate of breakdown of the gas pocket and the subsequent dissolution
rate of the sacrificial membrane. It will be appreciated that other factors which
may effect the time delay from actuation to release will include the dissolution of
both films and the rate of venting. Additionally the time between sequential
releases is also dependent on the time for the dissolving fluid to reach the first

valve.

It will be appreciated that the second valve functions as a control valve
which is arranged relative to the first valve, a release valve, such that, following
activation of the control valve, sequential release of the first valve may be
effected without any external intervention such as changes in disk rotation
frequency , use of laser ablation techniques etc. This makes this structure
highly flexible and highly suitable to a wide variety of biomedical assays where
sequential release of reagents is desirable Furthermore in the context of fluid
networking it is possible to provide multiple valves in fluid communication with
one another to provide a variety of AND/OR relationships. Effectively, a liquid
released from activation of one valve can act as activation fluid for effecting
opening of a second valve. This cascading behaviour can allow the valves to be

7
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networked in a manner such that the valves can be triggered in a defined
sequence. This can be particularly useful for bioanalytical methods such as
immunoassays where sample and reagent wash steps are conducted in defined
sequences. Along with reagent storage, the valves can also be integrated into
structures representing laboratory unit operations such as metering, mixing and

decanting.

In addition to sequential release of fluid, more complex relationships can
also be implemented. For example, should a device be configured with two or
more control valves and one release valve, the release valve can be actuated
activation of one of the control valves, thus resulting an OR relationship.
Similarly, parallel and almost simultaneous release of liquid from two or more
reservoirs can be effected by implementing a valve configured with one control

valve and two or more release valves

Network relationship can also be implemented by defining the location of
the control valves in fluid reservoirs. Parallel and almost simultaneous triggering
of two valves can be achieved by positioning the two control valves so that they
can each be triggered to open at the same time Similarly, an AND relationship
can be implemented by locating a control valve relative to two or more valves
provided upstream of the control valve, activation of the control valve requiring

activation of each of the two or more upstream valves.

The control or second valve may also comprise a sacrificial membrane. In
this way the device may comprise two or more valves comprising sacrificial

membranes.

The device desirably comprises drive means which are configured to
provide centrifugally / rotationally induced artificial gravity conditions to induce

flow of a liquid within the device.
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It will be appreciated that the actuation of the actuation member serves to
trigger an opening of the first valve. The time taken to actually effect an opening
of the first valve is governed by the time for the gas pocket to dissipate away
from the sacrificial membrane of the first valve and the dissolution time of the

valve itself.

In another configuration the present teaching provides a multilayer
microfluidic device comprising first and second channels provided in first and
second layers of the multilayer microfluidic device. Each of the first and second
channels are in fluid communication with one another through a vertical through
hole. A sacrificial valve is provided within or adjacent to the through-hole and in
a normally closed configuration serves to prevent passage of a liquid through
the through-hole. By selectively opening the sacrificial valve it is possible to
allow the flow of a liquid from the first channel to the second channel. The first
and second channels are desirably configured within the microfluidic device
such that on opening the sacrificial valve, a liquid travelling in the first channel
will preferentially go through the through-hole and into the second channel.

The sacrificial valve comprises a sacrificial membrane and is desirably
configured to selectively dissolve dependent on the specifics of the liquid
contacting the valve. By using a liquid specific membrane it is possible to
sequentially flow different liquids passed the valve and the valve will only open
when exposed to a specific liquid which targets the specific sacrificial
membrane utilised. For example certain membranes may have hydrophobic
properties which do not dissolve on exposure to an aqueous solution. Other
membranes may be selected for the hydrophilic properties such that they will

dissolve on contact with an aqueous solution.

In one aspect the sacrificial valve comprises a thin film structure. This may
be provided as a single layer of a dissolvable film. The dissolvable film may be

provided as an aqueous polymer matrix comprising one or more of various

9
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cellulose derivatives, hydrocolloids, acrylate copolymers, gums,
polysaccharides, plasticizers or the like.

In certain configurations a multi-layer functional film configuration may be
utilised to fabricate a valve. Such a multi-layer construct may incorporate
individual layers with different properties. For example a first layer may be
hydrophobic whereas a second layer is hydrophilic. It will be appreciated that
the hydrophobic layer may resist dissolution by water and as such will retain the
integrity of the valve despite passage of an aqueous solution passed the valve.
Once it is exposed, for example to an organic solvent, it may dissolve by the
nature of a second layer provided below that first layer which is resistant to the
organic solvent will prevent the complete opening of the valve. In this way
individual layers of the valve may be dissolved dependent on the nature of the
solvent in the liquid passing the valve. The timing of the opening of the valve
may then be controlled by judiciously selecting a valve whose individual layers
match the sequence of fluid flows desired for a particular assay.

Such a multi-layer construct may comprise a first layer comprising a
pressure sensitive adhesives film (PSA films) and a second layer of a
dissolvable film which may be adhered to or otherwise provided on the PSA. To
fabricate, the PSA film may be provided as a single sheet which is outlined with
through holes cut using a cutter-plotter machine. The secondary layer
consisting of a specialized dissolvable film may then be pressed on the PSA.
These tabs are then cut from the complete assembly.

Embedding the assembly within the channel of the microfluidic device
creates the valves; the tacky nature of the PSAs allows for closing off
microchannels by simply sticking the assembly into the system features. Once
prepared, the valves remain isolated; the valve is essentially in a “closed state”
until liquids come into contact with the dissolvable film surface. Once liquids are
pumped to the interface, after a determined period of time the film liquefies and

10
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the valve is in an “open state”, further pumping will propel liquids through the

valve site.

The use of the hybrid films for valving has applications for a range of
microfluidic designs including both stationary and centrifugal arrangements.
Particularly, centrifugal based systems are notably improved by dissolvable-film
based valving; for example mixing, blood separation, metering, aliquoting,
phase separation, dilution, on-board liquid storage, etc.

By providing a valve comprising dissolvable films to form efficient barriers
for liquid flow; until the films are in direct contact with liquid reagents the fluidic
seals between regions of the device are fully maintained. No separate actuation
of the valve is required as the same pumping mechanism driving the flow also
actuates the valve. The sacrificial valves described here are of particular
interest for a range of applications; for example as programmable flow control
elements and as vapour barriers for on-board liquid reagent storage.

Use of such a valving arrangement is particularly advantageous for stop-
go liquid-based assay devices which use a plurality of liquids in a
predetermined sequence of steps to achieve a particular analysis. Such a
solvent based routing arrangement may be used in a variety of applications. For
example use of such valves provides for a redirection and separation of
consecutive aqueous, organic and/or mix flows. In one arrangement this may be
used to facilitate nucleotide purification (total RNA) from whole blood using a
centrifugal microfluidic platform, on which the two valving systems are

integrated
In another configuration the present teaching provides a valving

arrangement which is configured to provide a combined metering and aliquoting

of a liquid from a metering chamber to a sample chamber. Desirably the
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metering chamber is provided immediately upstream of a valve provided in a

fluid sample channel.

The fluid sample channel may be provided as a branch off a fluid channel.
In this way a liquid passing in the fluid channel will collect in the metering
chamber and will be retained therein until such time as the valve is opened. The
dimensions of the metering chamber will define the ultimate volume of liquid
that is subsequently aliquoted from the metering chamber to the sample
chamber.

In one arrangement this configuration of the present teaching provides a
valving arrangement which may incorporate a cellulose/ paper-based or
membrane-based metering structure for use on a centrifugal microfluidic lab-on-
a-disc platform. On presenting a valve in an initially closed configuration a finite
volume of liquid may be allowed collect in a metering chamber upstream of the
valve. Opening the valve allows the flow of this metered volume to a sample or

mixing chamber located downstream.

By using a membrane, such as paper or a hydrophobic membrane which
absorbs and holds back the liquid up to a certain pressure barrier, to provide the
valve it is possible to use the properties of the membrane to determine the time
of opening of the valve. For example, by increasing the spinning rate the disk is
subjected to, the liquid can be forced through the paper/membrane and into a
mixing chamber. In this way the hydrophobic membrane can be usefully

employed to increase the hydrophobicity of a rupturable valve.

In one arrangement the metering chamber is located closer to the axis of
rotation of the disc than the mixing chamber such that when the valve is opened
the rotation of the disc induces a fluid flow from the metering chamber to the

mixing chamber.
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Desirably the device is provided as a multi-layer microfluidic device
comprising first and second fluid channels provided in different layers of the
device. The fluid channels are configured relative to one another to provide a
combined metering and aliquoting arrangement such that a first and second
metered sample provided from each of the first and second fluid channels may

be directed to a common mixing chamber for use in an assay.

By using a network of microchannels and these structures, it is possible to
mix liquids in a combinatorial fashion. This ability to array M*N fluid elements
has major applications in areas such as DNA genotyping. In this applications
the steps load fluids into the inlet chambers (M+N pipetting steps) results in
M*N combinatorial preparations where in conventional liquid handling methods
M*N*2 pipetting steps would be required.

If used with a single DNA sample this approach also has great potential in
the field of dPCR.

These and other features will be better understood with reference to the
following exemplary arrangements which are provided to assist in an
understanding of the present teaching and in no way should be construed as
limiting the scope to the specific examples which follow.

Brief Description of the Drawings

The present application will now be described with reference to the
accompanying drawings in which:

Figure 1A is a schematic showing in exploded view a sacrificial valve
provided in accordance with the present teaching;

Figure 1B is a schematic showing how contact of a fluid with the valve of
Figure 1A causes a sacrificial layer of the valve to dissolve allowing fluid

communication between a first and second side of the valve;
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Figure 1C shows how a combination valve may be formed in accordance
with the present teaching;

Figure 1D shows a valving arrangement whereby the wicking of a fluid
through an imbibition membrane such as paper or cellulose media dissolves a
dissolvable film;

Figure 2A is a schematic showing a valving arrangement provided in
accordance with the present teaching whereby opening of a first release valve
is effected by actuation of an actuation member in fluid communication with the
release valve;

Figure 2B shows how such an arrangement can be used in a fluid network
to provide an OR valving arrangement;

Figure 2C shows how such an arrangement can be used in a fluid network
to provide a parallel release valving arrangement;

Figure 2D shows how such an arrangement can be used in a fluid network
to provide an alternative parallel release valving arrangement;

Figure 2E shows how such an arrangement can be used in a fluid network
to provide an AND valving arrangement;

Figure 3 shows in schematic form an example of how a network of valves
may be provided within a microfluidic system in accordance with the present
teaching;

Figure 4 shows how through a sequence of timed valve openings passage
of a fluid may be controlled through a fluid path;

Figure 5A shows an arrangement activated by use of an ancillary fluid;

Figure 5B shows an arrangement whereby the ancillary fluid is provided in
a second layer of the device so as to provide an opening of the actuation
member from that second layer;

Figure 6 shows how, through a sequence of timed valve openings,
passage of a fluid may be controlled through a fluid path incorporating a valve
arrangement such as described in Figure 5;

Figure 7 shows how a flow barrier may be provided between a first and

second valve;
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Figure 8 shows how through a sequence of timed valve openings passage
of a fluid may be controlled through a fluid path such as described in Figure 7;

Figure 9 shows alternative examples of valve operations that may be
utilised within the context of the present teaching;

Figure 10 shows various examples of a system of cascading valves in
accordance with the present teaching;

Figure 11A shows an example of an arrangement configured to provide an
increased pressure source within a microfluidic network;

Figure 11B shows how a diffusion time delay may be provided in
accordance with the present teaching;

Figure 12A shows an example of a multilayer microfluidic network in
accordance with the present teaching;

Figure 12B show an example, in plan view, of a microfluidic network on a
rotatable disc;

Figure 12C is another example, in plan view, of a microfluidic network on a
rotatable disc;

Figure 12D shows an example of how the present teaching may provide

routing of different fluids;

Figure 13 shows an example of a microfluidic network incorporating a
absorptive material,

Figure 14 shows an example of a microfluidic network incorporating a
porous membrane or cellulose film;

Figure 15A shows an example, in plan view, of a microfluidic network on a
rotatable disc providing M*N fluid networking;

Figure 15B shows another example of a spiral based microfluidic network;

Figure 15C shows a fluid networking arrangement which uses capillary
burst valves and metering;

Figure 16 shows a typical configuration of a solvent based routing
mechanism for RNA extraction;

Figure 17 is an example of an integrated fluidic network including the

following network functions: sequential release (similar to Figure 2A), parallel
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actuation type 1 similar to Figure 2C), parallel actuation type 2 (similar to Figure
2D), AND condition actuation similar to Figure 2E, co-located control/release
valves (similar to Figure 5B).

Figure 18 is an example of a microwell plate configuration provided in
accordance with the present teaching.

Figure 19 is an example of a valving arrangement that uses pulse control
of rotation of the disc to selectively actuate individual valves.

Detailed Description of the Drawings

The present teaching will now be described with reference to a microfluidic
device and particularly to centrifugal systems comprising a microfluidic device
provided with different valving arrangements to control the flow of liquid within
the device. It will be appreciated that these arrangements are provided purely to
assist in an understanding of the present teaching and should not be construed
as limiting in any fashion. Where one or more elements are described with
reference to one or more figures it will be appreciated that such elements may
be replaced or interchanged with other elements without departing from the
present teaching.

Figures 1A and 1B shows an exemplary construct of a sacrificial valve 100
provided in accordance with the present teaching. Such a valve was described
in our earlier application WO2012164086, the content of which is incorporated
herein by way of reference. As was described in that application such a
sacrificial valve comprises a sacrificial layer 105 - desirably one that is
dissolvable on contact with a liquid- the layer 105 typically being provided in the
form of a thin film. The film is desirably of the type that prior to contact with a
film will provide a barrier and once a liquid is introduced to the surface, the fiim
will begin to dissolve, and a liquid can then pass through an aperture that was
previously blocked by the film. In this way the film or membrane requires actual

contact with a liquid to cause it to dissolve and allow a fluid pass through the
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valve. The time delay between contact with a liquid and disintegration of the film
may be controlled depending on the physical construct or makeup of the film
and judicious selection of appropriate films can therefore be used to selectively
control the time at which liquids can continue throughout a device comprising

such a valve subsequent to initial contact with the valve.

The films are typically derived from an aqueous polymer matrix consisting
of various cellulose derivatives, hydrocolloids, acrylate copolymers, gums,
polysaccharides, plasticizers, etc., and the rate of dissolution depends on the

mixture, a range of film dissolution times can be created and utilized.

Figure 1C describes a modification to this dissolvable film valve. In this
configuration a combination valve is provided which includes elements of a
dissolvable film valve- such as described above- but in this configuration
comprises one or more additional layers. In the exemplary arrangement of
Figure 1C, the valve comprises five layers: one adhesive layer 101, a water
dissolvable film 102, another adhesive layer 101, a hydrophobic membrane
103, and a second adhesive layer 101. At the top of the stack lies a pressure
sensitive adhesive (PSA) 102 film, that immobilizes the stack and prevents
leaking.

To fabricate such a multi-layer assembly, the PSA film may be provided as
a single sheet which is outlined with through holes 115 cut using for example a
cutter-plotter machine. The first layer consisting of the specialized dissolvable
film may then be pressed on the PSA, as shown in Figure 1. The combined
assembly forms a tab which may then be cut from the complete sheet of
multiple such tabs.

Figure 1B shows how contact of a liquid 120 with the dissolvable layer 105
causes the layer to disintegrate thereby allowing the liquid to pass through the

valve structure. In effect, prior to disintegration, the sacrificial layer 105 of the
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valve 100 provides a barrier to the through hole 115 that is formed in the PSA

layer.

It will be appreciated that while it is desirable to form the second layer with
some adhesive to allow for securing the valve within the channel, that other
arrangements may dispense with the integral adhesive properties of the second
layer and rely simply on its template or support functionality.

In another configuration, shown in Figure 1D, the present teaching may
provide a valving arrangement whereby the wicking of a fluid through an
imbibition membrane such as paper or cellulose media dissolves a dissolvable
film. This may be used to cause a pneumatic chamber to vent and release of
liquid (e.g. reagent liquid) from a reservoir and into a waste chamber without the
reagent fluid coming in contact with wicking fluid/paper strip. This permits the
sequence and timing of opening of these valves to be controlled through the
wicking of fluid through the paper. It will be appreciated that such a structure is
highly flexible and highly suitable to a wide variety of biomedical assays where

sequential release of reagents is desirable.

Such a wicking arrangement may be used as part of a combination valve
such as that described above with reference to Figure 1C. By using a wicking
arrangement it is possible to delay the dissolving of the dissolvable membrane
as the cellulose layer serves to delay the actual contact of the liquid with the
layer which dissolves in that liquid.

As shown in Figure 2A such valves may be used in a microfluidic device
which uses the venting of a pneumatic chamber to allow a liquid progress and
come into contact with a dissolvable membrane and effect an opening of a
valve. Figure 2 shows such an example of a portion of a microfluidic device 200
comprising a first valve 210 in fluid communication with an actuation member

220, which may be provided by a second valve. Each of the first and second
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valves is located in a fluid channel 211, 212. The first fluid channel 211 provides
a fluid spacer 213 provided upstream of the first valve 210. The fluid spacer in
this configuration may be provided by a gas pocket and it serves to separate a
dissolvable membrane of the first valve 210 from a liquid 214.

Actuation of the actuation member 220 causes a retraction of the fluid
spacer 213 by allowing a venting of the fluid (in this example a gas) through the
now open actuation member 220 and away from the first valve 210. As the
volume of the fluid spacer was preventing the liquid contacting the valve 210, a
retraction of the spacer allows the liquid 214 to come into contact with the
dissolvable membrane which effects an opening of the first valve. In this way
actuation of the first valve is controlled by actuation of the actuation member

which is in fluid communication with the first valve.

It will be appreciated that the first valve may be fabricated in any one of a
number of different ways such as those described with reference to Figure 1
above. In instances where the actuation member is a second valve of the
system, the second valve may also comprise a dissolvable membrane which

selectively dissolves on contact with a predetermined liquid.

By providing a first valve in fluid communication with an actuation member
and configured relative to one another such that actuation of the actuation
member effects an opening of the first valve, the present teaching provides a
sequential opening of individual fluid channels within the microfluidic device and
the selective control of the flow of a liquid within the microfluidic device.

Desirably this opening of a first valve is effected without any additional
third party or external stimulus. In this way a passive control of sequential valve
operation is achieved; the actuation of the actuation member serving to trigger

the subsequent opening of additional valves within a microfluidic network.
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In the context of fluid networking it is possible to provide multiple valves in
fluid communication with one another to provide a variety of AND/OR
relationships. Effectively, a liquid released from activation of one valve can act
as activation fluid for effecting opening of a second valve. This cascading
behaviour can allow the valves to be networked in a manner such that the
valves can be triggered in a defined sequence. This can be particularly useful
for bio-analytical methods such as immunoassays where sample and reagent
wash steps are conducted in defined sequences. Along with reagent storage,
the valves can also be integrated into structures representing laboratory unit

operations such as metering, mixing and decanting.

In addition to sequential release of fluid, more complex relationships can
also be implemented. For example, should a device be configured with two or
more control valves and one release valve, the release valve can be actuated
by activation of one of the control valves, thus resulting an OR relationship- an
example of which is shown in Figure 2B. Similarly, parallel and almost
simultaneous release of liquid from two or more reservoirs can be effected by
implementing a valve configured with one control valve and two or more release

valves using an arrangement such as that shown in Figure 2C or 2D.

Network relationship can also be implemented by defining the location of
the control valves in fluid reservoirs. Parallel and almost simultaneous triggering
of two valves can be achieved by positioning the two control valves so that they
can each be triggered to open at the same time Similarly, an AND relationship
can be implemented by locating a control valve relative to two or more valves
provided upstream of the control valve, activation of the control valve requiring
activation of each of the two or more upstream valves- an example of which is

shown in Figure 2E.

Figure 3 shows how a series of cascading valves, in this example two
valves 300, 301, may be implemented in accordance with the present teaching.
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The valves 300, 301 are provided as part of a microfluidic device 302 which is
incorporated on a rotatable substrate- not shown- which may be coupled to
drive means which provide centrifugally induced artificial gravity conditions. The
first valve 300 corresponds to the first valve 210 of Figure 2 whereas the 2nd

valve 301 corresponds with the actuation member 220 of Figure 2.

The first valve 300 is provided within a channel 305 and serves to seal the
channel when closed. The location of the valve defines an upstream 310 and a
downstream 311 part of the channel; upstream and downstream being defined
relative to the location of the valve within the channel 305. In this exemplary
arrangement the upstream part of the channel comprises first 310a and second
310b branches.

The first valve is desirably provided as a gas tight, liquid dissolvable film
such as described above with reference to Figures 1 and 2 and may be
considered a sacrificial valve. This valve 300 is connected to an outflow or
receiving chamber 320. This may also be referred to as a release valve or outlet

valve.

The second valve 301 which serves as the actuation member is also
provided initially as a gas-tight barrier and may be considered the control valve.
In this example this second valve also comprises a sacrificial membrane which
dissolves on contact with a liquid but it will be appreciated that this type of
sacrificial valve is not necessary for the control valve. Other actuation
techniques could also be employed-for example the valve could simply rupture

on increasing the pressure applied to the valve.

When both valves 300, 301 are closed a gas pocket 327 is provided
immediately upstream from the first valve 300 and prevents liquid 325 from a
fluid reservoir 326 coming into contact with the sacrificial membrane of the first
valve 300. The gas pocket 327 extends through the first and second branches
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310A, 310B and as such is in intimate contact with each of the first and second

valves.

In the absence of any change to the valve configuration the gas pocket
remains in situ preventing liquid 326 coming into contact with the valve 300 and

dissolving the sacrificial membrane.

In this configuration with the sealed or closed valves the liquid, termed in
this example working liquid, cannot reach and thus dissolve and open the
release valve 300 due to the counteracting pressure of the gas volume forming
the fluid spacer. The working liquid cannot reach the release valve 300 through
the presence of the pressurized gas in the gas pocket 327.

By opening the control valve 301, a vent 312 to a large, unpressurized
reservoir 313 or atmosphere is generated. The opening of the control valve 301
thereby changes the dynamic of the previous equilibrium between the fluid
spacer and the liquid 326. Without changing any other variables in the system,
this venting removes the counteracting force that was previously serving to
prevent the working fluid progressing forwardly towards the valve 300 and
actually allows the working fluid to reach the release valve 300.

As was described above with reference to Figures 1 and 2, when the
working fluid comes in contact with the release valve the liquid serves to
dissolve the sacrificial membrane of the valve and opens a path for the working
fluid into another micro-channel 311 where it then passes to a receiving
chamber 320.

This sequence of activation of the second 301 and then first 300 valves is
shown in the schematics of Figure 4. While both valves 300, 301 are closed the
liquid cannot reach the dissolvable release valve 300. The control valve 301 is
opened, thus making a larger volume available to the entrapped gas. Therefore
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the gas pressure is reduced causing the fluid spacer to retract and allows the
liquid to reach the (dissolvable) release valve 301 and hence dissolves it. A
path for the fluid to enter the receiving chamber 320 is opened.

In this implementation, there are two time constants governing the opening
of the release valve 300. The first one can be freely programmed by selecting
when the control valve 301 is opened which serves to effect a movement of the
fluid spacer away from the release valve 300 and allow the liquid come into
contact with the release valve 300. This then serves to trigger the opening of
the release valve 300 and any delay is determined by the time taken to allow
the liquid 325 move into contact with the sacrificial membrane of the release
valve 300 and the dissolution time of the valve itself. As was discussed above
with regard to the use of cellulose based wicking effect, by incorporating

cellulose or some other wicking material this time delay can be increased.

In the example of Figure 3 and 4 the control valve could be actuated by
simply rupturing the valve through increasing the pressure applied to the valve
301 by increasing the rate of rotation of the microfluidic device. Figure 5A
shows another example where the control valve also incorporates a sacrificial
membrane 501. The same reference numerals will be used for similar
components. This implementation may be considered an ancillary liquid
activated valving mechanism. In this scenario an ancillary liquid 525 is provided
in a chamber 500 in fluid communication with the control valve 501. When it is
intended to open the control valve 501, the rotation of the microfluidic device
causes the ancillary liquid 525 to come in contact with the control valve 301 and
opens it (from the backside). This causes the entrapped gas volume in the
channel 310B to expand (in the asymptotic case vented to atmosphere), thus
allowing the liquid 325 to contact and dissolve the release valve 300. Figure 5B
shows an alternative configuration whereby the control valve 501 and release
valve 300 are co-located and the ancillary fluid 525 is can flow through a
channel 530 provided in a second layer of the device. The sacrificial membrane
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of the control valve 501 is located so as to face that 2™ layer 530 such that flow
of the ancillary fluid 525 through the second channel 530 effects a dissolving of
the membrane and subsequent opening of the release valve 300.

As shown in the process flow of Figure 6, once the control valve 501 is
opened the ancillary liquid can also flow upstream through the control valve 501
where it may come into contact with the working fluid 325. This represents a
potential downside in that the two liquids might mix and thus also a fraction of
the ancillary liquid might flow into the receiving chamber 320. Of course there
are various implementations where such a scenario of mixing fluids may be
useful. While not shown in the simplified schematic of Figure 6, the mixing of
two or more fluids could advantageously be provided by providing a receiving
chamber 320 in fluid communication with a plurality of fluid paths provided
upstream of the receiving chamber, each being selectively controlled by a
control valve arrangement. In this way it is possible to sequentially or indeed
concurrently introduce a plurality of liquids into the same receiving chamber 320
to provide one or more assay steps. Indeed the receiving chamber could also
be provided in fluid communication with one or more fluid paths downstream of
the receiving chamber 320 to allow the controlled release of a liquid (or mixture

of liquids) within the receiving chamber to another mixing chamber downstream.

In the event that it is not desired to mix the ancillary liquid with the working
fluid such that only the working fluid 325 will flow into the receiving chamber 320
it is possible to provide, in accordance with the present teaching, a flow barrier
700 between the first 300 and second 501 valves. Figure 7 shows such an
example where the second branch 310B is configured to define a flow barrier
between the two valves. This flow barrier prevents liquid to pass from one side
to another. The barrier is arranged to allow an exchange of gases so as to
equalise the pressure within any open micro-channel. In a simple
implementation of a barrier the orientation of the second branch 310B is
configured to define a tortuous path. An example of such a tortuous path is a
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siphon shape which extends radially inwards on a centrifugal disk. The pressure
exerted by the liquid upstream of the branch 310B is not sufficient to overcome
the necessary head pressure to travel around the siphon and mixing is
prevented. In another potential embodiment the barrier is a membrane which is

gas-permeable but impermeable to the working liquid.

Figure 8 shows a sequence that will follow the opening of the control valve.
The ancillary liquid comes in contact with the control valve. The control valve is
dissolved which permits the working fluid to reach the release valve. The
release valve is opened and opens a path for the fluid to the receiving chamber.
The barrier 700 prevents the working liquid from exiting through the control

valve or mixing with the ancillary liquid.

Figure 9 shows another schematic illustrating operation of a microfluidic
device incorporating cascading valves in accordance with the present teaching.
In Figure 9a fluid is loaded in reservoir 326. By rotating the microfluidic device
centrifugal force are generated and as shown in Figure 9b, under the influence
of this centrifugation, the fluid is compressed into the pneumatic chamber until
equilibrium is reached. Below a certain threshold frequency, the gas will not be
sufficiently compressed to allow the fluid to reach the sacrificial or release valve.
Figure 9c illustrates the result of an opening of the control valve, either to
atmosphere or a large reservoir. In Figure 9d, as the pneumatic chamber is now
essentially open, the liquid can advance to contact the sacrificial release valve,
shown in Figure 9e. The release valve dissolves and allows the fluid to drain
through the outlet channel 311 and as shown in Figure 9f, the reservoir 326 is

fully emptied through the outlet channel.

Figure 10 shows a system schematic of a how the previously described
exemplary arrangement of two cascading valves may be extended to a system
comprising more than two valves sequentially arranged to allow actuation of a

first valve effect a triggering of a second valve to open. In Figure 10a, a
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microfluidic structure showing two reservoirs 1001, 1002 and two collection
chambers 1003, 1004 each separated by valves 1005, 1006, 1007, 1008. In
Figure 10b liquid is loaded into each of the two reservoirs 1001, 1002. In Figure
10c liquid is loaded into the chamber containing the first control valve 1005 and
the disk is centrifuged. The centrifugal forces generated by this rotation causes
the liquid in the first and second reservoirs 1001, 1002 to compress the gas in
upstream of the release valves 1007, 1008 but not sufficiently to allow the liquid
come into contact with and dissolve these release valves. In the arrangement of
Figure 10d a first control valve 1005 is opened and as a result — shown in
Figure 10e the liquid in the first reservoir 1001 is now free to flow into the (now
open) pneumatic chamber and comes in contact with release (dissolvable film)
valve 1007. In Figure 10f this release valve 1007 is shown open- resultant from

a dissolving of the sacrificial membrane.

As shown in Figure 10g a liquid path to the first collection chamber 1003 is
now open. The first collection chamber 1003 starts to fill. The second control
valve 1006 can then be opened as shown in Figure 10h with the result show in
Figure 10i that the liquid in the second reservoir 1002 has an open path and
comes in contact with the second release valve 1008. The contact causes this
valve 1008 to dissolve (Figure 10j) with the result that the liquid has a free path
to enter the second collection chamber 1003 (Figure 10k). As shown in Figure
10i in the absence of any restriction in the fluid paths, the fluid will now drain

completely into the second collection chamber 1004.

It will be appreciated that more complex devices than that described herein

can be employed within the context of the present teaching.

For example devices comprising two or more valves may be provided with
each of the valves having different operating characteristics. As the valve
actuation of a specific valve may be judiciously related to a frequency of rotation
of the device, it is possible in accordance with the present teaching to provide
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multiple valving arrangements with actuation of specific valves being controlled
by the spin frequency of the disc / rotor. In this way frequency thresholds can be
introduced, and one or more reagents stored within the device can be slated to
enter the reaction at a later stage and can be held back even through vigorous,

high-frequency rotation and acceleration of the device as a whole.

A valving system provided in accordance with the present teaching
addresses many problems associated with providing point-of-care bio-assays in
an on-chip implementation. There is a desire within the context of providing
such devices for a system that will allow for a storage and sequential release of
sample and liquid reagents (the equivalent of multiple pipetting steps at the
benchtop). Typical implementations are cell-based assays, dilution series and
immunoassay protocols. In a Lab-on-a-disc these assays are implemented
based on valving techniques which can be divided into those actuated off disk —
such as thermally activated phase-change valves — and those which are
actuated by changing the centrifugal forces on the disk (by changing the
velocity of rotation). Examples of the latter valves include burst valves, capillary
siphons, pneumatic siphons and dissolvable film valves. In order to open these
valves in the correct centrifugal force profile is required by implemented a pre-
defined velocity profile. The limitations on the upper and lower velocity profiles
can limit the number and location of valves. For example serial siphons —
actuated through a decrease and then increase in disk RPM - can take up
significant space on a disk. In accordance with the present teaching where a
cascading of valves is provided, opening of a first valve triggers the opening of
a second valve without any other changes in the system dynamic required. In
this sequential/cascading release, once a cascade has started the next valves
will be triggered without any change in disk RPM or external inputs. Therefore it
will be appreciated that devices provided in accordance with this valving
strategy represent an important enabling technology which permits the
implementation of complex bio-assays on lab-on-a-disc platforms with greater
ease and flexibility than other strategies.
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The simple arrangement of first and second valves arranged in a cascade
sequence can be expanded to more complex arrangements. For example a
sequential release valve may be opened through fluid being absorbed and then
transported from a location away from the sacrificial valve to a location near the
sacrificial valve through use of an integrated absorbing material provided within
the microfluidic network. This material could be one of a number of different
types of material- for example it could be paper or another cellulose based
material and could be affixed to the actual valve or alternatively provided in fluid
communication with the valve. The material may be used to transport fluid to a
reservoir near the valve and then allow a subsequent opening of the valve. In
this way the absorptive material may be used to place a significant time delay
between the wetting of the absorptive material and the opening of the valve

through a dissolving of the sacrificial membrane.

A second principle that may be considered is a method whereby a
sequential release valve is used to hold fluid (called pumping fluid) in a reservoir
at a point on a disk. At a more radially outward position presence of fluid
(working fluid) at a specific point causes a release of the pumping fluid. The
pumping fluid flows radially outward due to centrifugal force and through
displacement of the working fluid (or gas which subsequently displaces the
working fluid) causes some part/all of the working fluid to be displaced
significantly radially inward. In this way the microfluidic network will incorporate
fluid paths that direct fluid flowing outwardly from an axis of rotation of the
device-in accordance with the induced centrifugal force. At the same time fluid
paths that direct fluid flowing contrary to that induced force may also be
provided. This pumping fluid may be immiscible with the working fluid and/or
have a greater density than the working fluid. A centripetal displacement of the
fluid may be used to prime a siphon valve
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An example of how fluid paths that direct flow contrary to an induced
centrifugal force is shown in Figure 11 which will be appreciated is a specific
example of an general technique that can be provided in accordance with the
present teaching. Figure 11 details four different panels, each showing the fluid
location at different times. A reservoir 1100 is provided and used to retain a
material/substance/apparatus 1105 which, when coming in contact with a fluid,
results in an increase in the material/structures volume such that the net volume
of the fluid/apparatus increases. In the example of Figure 11, the material is
baking powder but other alternative materials such as for example non-oxidised
metal particles, for example Boron could also be used. A liquid reservoir 1110
comprising a liquid 1115 is provided in fluid communication with the reservoir
1100 and also with first 1120 and second 1125 valves.

By selective activation of the first and second valves it is possible to allow
liquid to flow from the liquid reservoir into the reservoir containing the baking
powder. As shown in the second and third panels once the liquid 1115 makes
contact with the baking powder a reaction results which then displaces
increases the gas pressure in the reservoir 1100 causing the liquid 1115 to
retreat back along the path within which it entered the reservoir 1100. This
increase in volume of the gas within the reservoir 1100 can be used for a variety
of purposes including:

To meter/transfer fluid into a second chamber;

Pump a significant portion of the fluid centripetally (radially inward);

Prime a siphon valve

While not shown in Figure 11, a series of chambers may be provided and
arranged relative to one another such that different sources of fluid expansion
may be provided which can then occur at different rates resulting in actuation of
the valves/pumping processes in sequence. In such an arrangement it is

possible to stagger the timing of the fluid coming in contact with the
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material/apparatus in order to stagger the activation of the valves (i.e. material
located behind a dissolvable film).

The generated gas may be trapped behind a deformable membrane and
used to displace a secondary fluid. The material chosen within the reservoir
may determine the timing of the actuation of the valve and the actual volume of
gas that may be generated with the resultant pressure increase. In one
configuration, the volume of the reservoir 1105 is used to determine the timing
of the actuation of the valve. In one configuration, actuation of the valve is
triggered through increasing/decreasing the speed of the disk rotation such that
fluid comes in contact with the material. It will be appreciated that all or none of
these actuation techniques may be implemented together.

It will be appreciated that techniques implemented in accordance with the
first principle are advantageous in that the ability to pump fluid inwardly from the
edge of a lab-on-a-disk system is important for performing complex assays.
This is because the real-estate on a disk is limited and a limited number of
processes can be performed as the fluid moves from the inside to the outside of
the disk. The approach described here is particularly useful as it can be
triggered through the presence of the fluid at a specific point and in most
implementations does not require any change in the disk rpm. In addition,
applied to valving (instead of pumping) this can permits the auto-actuation of
valves after specific times.

It will be understood that in accordance with the present teaching sacrificial
valves may be initially provided within the microfluidic device having a gas
pocket provided between the liquid and the valve. In the absence of an induced
flow, the presence of the gas pocket defines a fluid barrier preventing liquid
contact with the valve. The retention of a gas pocket is advantageously enabled
within the context of the present teaching as the channels of the device are
microfluidic in nature. As will be discussed in more detail below when employed
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on a rotatable substrate such that liquid movement is induced by a centrifugal
force, while each valve will typically have an associated burst frequency above
which the valve will burst, the present teaching does not require the frequency
of rotation of the rotatable substrate to be increased to effect the opening of
these valves. Rather than rely solely on rotation frequency to dictate opening of
valves the present teaching provides an opening of a valve based on
parameters related to both the time required to dissipate the gas pocket away
from the sacrificial membrane and the dissolution rate of the membrane on
contact with the liquid. This redaction of the fluid spacer provided by the gas
pocket is not effected by increasing the rotation frequency of the rotatable
substrate but rather by actuation of another actuation member in fluid

communication with the sacrificial membrane valve.

It will be appreciated that the time required to dissipate the gas pocket will
depend on the volume of gas in the gas pocket which is related to the
dimensions of the channel housing said pocket. It will be understood that within
the context of the present teaching that it is the micro-dimensions of the
microfluidic device that allows the creation of a stable gas pocket in the first
place. By suitably configuring the first region of the channel in the location
upstream of the sacrificial membrane it is possible to ensure that once the
device is primed a gas pocket will be formed between the sacrificial membrane
and the advancing fluid within the first region. Effectively the introduction of a
liquid into an entry port of the first region allows the liquid to advance within the
first region. The advancing liquid migrates through the first region forcing gas
forwardly of fluid. The gas will migrate towards the sacrificial membrane. The
nature of the sacrificial membrane is such as to provide at least a time delay in
gas migration through the membrane. In certain arrangements, the membrane
will be gas impermeable preventing the passage of any gas through the fabric
of the membrane. In other arrangements, the membrane will provide a flow
resistance whereby gas may over time percolate through the fabric of the

membrane. In both circumstances, the membrane retards or stops completely
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the progression of the gas past the valve so as to ultimately form the gas pocket
between the sacrificial membrane and the advancing fluid within the first region.

The volume of the gas pocket will have an effect on the time duration that
will ultimately be required to dissipate the gas away from the sacrificial

membrane and allow liquid contact the membrane.

The principle in use by which the gas pocket dissipates may vary
dependent on the configuration employed but in accordance with the present
teaching in all circumstances is triggered by the actuation of a valve provided in
fluid communication with the sacrificial valve. In a first configuration by suitably
configuring the device the presence of the gas pocket between the liquid and
the valve may be retained until such time as valve actuation is required. The
time of actuation is dependent on the actuation time of the actuation member,
the rate of breakdown of the gas pocket and the subsequent dissolving rate of
the valve. It will be appreciated that such a configuration is particularly useful for
on-board reagent storage. In such an application it is desirable that the
sacrificial membrane is selected to have specific vapour resistant properties.
The significance of this resistance will however depend on the specifics of the
intended storage conditions.

By providing a valving arrangement in accordance with the present
teaching it is possible to provide a liquid-gas interface within the device by the
retained gas pocket and the liquid within the first region of the channel. It will be
understood that this interface is effectively stable and will remain in-situ in the
absence of an applied force to disrupt that stability. The stability is governed at
least partially by the geometry and surface tension between the two adjacent
fluid (liquid and gas) phases and is triggered by actuation of an actuation
member, typically formed by a second valve, in fluid communication with the
sacrificial valve. Typically the gas pocket is operably retained in place between
the advancing fluid and the valve and will remain in place until such time as the
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pressure pressing the liquid plug against the gas pocket supersedes a certain
critical value. By operably destabilizing the meniscus such as for example by
providing elevated pumping pressures and reducing the pressure downstream
of the valve it is possible to bring the fluid into contact with the valve, effectuate

the wetting and following dissolution of the valve.

In another configuration provided in accordance with the present teaching,
an example of which is shown in Figure 12, the present teaching provides a
multilayer microfluidic device comprising first 201 and second 202 channels
provided in first 201A and second 202A layers of the multilayer microfluidic
device 205. Each of the first and second channels is in fluid communication with
one another through a vertical through-hole 203. A sacrificial valve 100 is
provided within or adjacent to the through-hole and in a normally closed
configuration serves to prevent passage of a liquid through the through-hole. By
selectively opening the sacrificial valve it is possible to allow the flow of a liquid
from the first channel to the second channel. The first and second channels are
desirably configured within the microfluidic device such that on opening the
sacrificial valve, a liquid travelling in the first channel 201 will preferentially go
through the through-hole 203 and into the second channel 202.

The sacrificial valve 100 is desirably of a type such as described above
with reference to Figure 1C and comprises a sacrificial membrane 102 and is
desirably configured to selectively dissolve dependent on the specifics of the
liquid contacting the valve. By using a liquid specific membrane it is possible to
sequentially flow different liquids passed the valve and the valve will only open
when exposed to a specific liquid which targets the specific sacrificial
membrane utilised. For example certain membranes may have hydrophobic
properties which do not dissolve on exposure to an aqueous solution. Other
membranes may be selected for the hydrophilic properties such that they will

dissolve on contact with an aqueous solution.
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As discussed above with reference to Figure 1C, in one aspect the
sacrificial valve 100 comprises a thin film structure. This may be provided as a
single layer of a dissolvable film. The dissolvable film may be provided as an
aqueous polymer matrix comprising one or more of various cellulose
derivatives, hydrocolloids, acrylate copolymers, gums, polysaccharides,
plasticizers or the like.

In certain configurations a multi-layer functional film configuration may be
utilised to fabricate a valve. Such a multi-layer contract may incorporate
individual layers with different properties. For example a first layer may be
hydrophobic whereas a second layer is hydrophilic. It will be appreciated that
the hydrophobic layer may resist dissolution by water and as such will retain the
integrity of the valve despite passage of an aqueous solution passed the valve.
Once it is exposed for example to an organic solvent it may dissolve by the
nature of a second layer provided below that first layer which is resistant to the
organic solvent will prevent the complete opening of the valve. In this way
individual layers of the valve may be dissolved dependent on the nature of the
solvent in the liquid passing the valve. The timing of the opening of the valve
may then be controlled by judiciously selecting a valve whose individual layers
match the sequence of fluid flows desired for a particular assay.

Such a multi-layer construct may comprise a first layer comprising a
pressure sensitive adhesives film (PSA films) 101 and a second layer of a
dissolvable film 102 which may be adhered to or otherwise provided on the
PSA. To fabricate, the PSA film may be provided as a single sheet which is
outlined with through holes cut using a cutter-plotter machine. The secondary
layer consisting of a specialized dissolvable film may then be pressed on the
PSA. These tabs are then cut from the complete assembly.

Embedding the assembly within the channel of the microfluidic device
creates the valves; the tacky nature of the PSAs allows for closing off
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microchannels by simply sticking the assembly into the system features. Once
prepared, the valves remain isolated; the valve is essentially in a “closed state”
until liquids come into contact with the dissolvable film surface. Once liquids are
pumped to the interface, after a determined period of time the film liquefies and
the valve is in an “open state”, further pumping will propel liquids through the

valve site.

The use of the hybrid films for valving has applications for a range of
microfluidic designs including both stationary and centrifugal arrangements.
Particularly, centrifugal based systems are notably improved by dissolvable-film
based valving; for example mixing, blood separation, metering, aliquoting,
phase separation, dilution, on-board liquid storage, etc.

By providing a valve comprising dissolvable films to form efficient barriers
for liquid flow; until the films are in direct contact with liquid reagents the fluidic
seals between regions of the device are fully maintained. No separate actuation
of the valve is required as the same pumping mechanism driving the flow also
actuates the valve. The sacrificial valves described here are of particular
interest for a range of applications; for example as programmable flow control
elements and as vapour barriers for on-board liquid reagent storage. For
example in the schematic of Figure 12, a first fluid flow of an aqueous solution
will have no effect on the integrity of the valve- the aqueous solution not
effecting dissolving of the top layer of the valve. However by changing the
solution to an organic solution such as IPA/EtOH it is possible to then effect a
dissolving of the valve such that the liquid flow will pass through the through-

hole 203 and into the second channel 202.

Use of such a valving arrangement is particularly advantageous for stop-
go liquid-based assay devices which use a plurality of liquids in a
predetermined sequence of steps to achieve a particular analysis. Such a
solvent based routing arrangement may be used in a variety of applications. For
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example use of such valves provides for a redirection and separation of
consecutive aqueous, organic and/or mix flows. In one arrangement this may be
used to facilitate nucleotide purification (total RNA) from whole blood using a
centrifugal microfluidic platform, on which the two valving systems are

integrated

In a first configuration the valve 100 is located within a valve seat 204 and
is connected through a channel 203 which has a cross-sectional area greater
than the cross sectional area of the first 201 region.

As shown in Figure 12A, embedding the valve assembly within the channel
of the microfluidic device creates a barrier between the two regions of the
channel; the tacky nature of the PSAs allows for closing off of individual micro-
channels by simply sticking the tab that forms the valve assembly into the
recess 204 that is formed within the microfluidic device to seat the valve. Once
located, the through hole of the valve remains isolated; the valve is essentially
in a “closed state” until liquids come into contact with the dissolvable film
surface. Once liquids are pumped to the interface, after a determined period of
time the film liquefies and the valve is in an “open state”, further pumping will
propel liquids through the valve site.

In operation, a fluid is provided in a first region of the channel 201
upstream of the valve 100, the valve providing a barrier to fluid flowing into the
second channel. The microfluidic device may be coupled to a drive mechanism
configured to induce fluid flow in the fluid which operably drives the fluid
towards the valve. On contact of a specific fluid with the valve, the valve

dissolves and the fluid may then pass from the first to the second region.

It will be appreciated that in accordance with this aspect of the present
teaching a layering of hydrophobic membranes and dissolvable films within a
multi-layered valve, provides a tuneable valve whereby the flow of a specific
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fluid type over the valve can be used to change the properties of the valve. For
example of the layering is:

1. Membrane

2. Dissolvable film

Then an initially aqueous solution will flow over the valve primarily because
the membrane is hydrophobic and only secondarily because there is gas
trapped in the pockets (the ~0.3um pits in the track etch membrane). The
second fluid to pass over — IPA — will wet the membrane and changes its
surface properties. Due to the changed properties a third fluid — aqueous — will
also wet the membrane and come in contact with the dissolvable film. This will
result in the fluid dissolving the dissolvable film and routing through the fluid.

The valve may typically be provided below a step 204 to ensure that the
valve 100 does not stand too high as this can deviate or block the flows to the
lower channel 202. In this example of a combo-valve similar to that described
with reference to Figure 1C, on the top side of the PSA layer 101 lies a
hydrophobic (PTFE) 103 membrane. The membrane is covered with a second
PSA layer 101 and a water soluble film 102 on the top of this stack.

Figure 12B shows an example of another complex analysis that may be
achieved using cascading valves including at least one multi-layer valve in
accordance with the present teaching, specifically a system configured to
provide for solid phase nucleotide extraction on glass beads from cell
homogenate and crude extract from whole blood. As shown in Figure 12B a
microfluidic network 1200 of channels may be fabricated on a rotatable
substrate 1201. The substrate has an axis of rotation 1202 and as will be
appreciated by those of skill in the art, a rotation of the disc will causes fluid
located proximal to the axis of rotation 1201 outwardly towards a perimeter

1203 of the substrate in a direction following the arrow.
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In this example, a reservoir 1205 of glass beads is provided. The reservoir
is coupled to four different fluid inlets: 1206, 1207, 1208, and 1209. These four
inlets allow for the sequential introduction of an aqueous solution comprising
RNA, IPA, EtOH and water through each of channels 1206, 1207, 1208, 1209

respectively.

A first valve 1210 is provided downstream of the reservoir 1205. This valve
is desirably provided of the type described above as a combo-valve and shown
in detail in Figure 1C. The combo-valve is provided in fluid communication with
a second valve 1211 via a flow restrictor 1213- the flow restrictor is provided by
a tortuous fluid path generating a siphon similarly to that described above with
reference to Figure 7. The second valve 1211 desirably also comprises a
sacrificial film.

Initially the two valves are provided in a closed configuration. The aqueous
RNA solution is introduced through fluid path 1206 into the chamber 1205 with
the glass beads. After being in contact with the acid-washed glass beads the
aqueous phase is pressure driven over the combo-valve 1210- see Figure 1C
for detail. The water in this fraction dissolves the first layer of the valve and
stays on top of the PTFE membrane. Above a certain angular velocity the
pressure exerted by the siphon 1213 against the flow of liquid is overcome by
the centrifugal forces and the liquid flows into and comes into contact with the
second valve 1211, thereby dissolving the soluble sacrificial membrane of this

valve.

All consecutive organic phases- the IPA and EtOH, that are used for RNA
precipitation and washing, are collected before the siphon 1213 as they pass
through the hydrophobic membrane in to an organic waste chamber 1221. To
strip the total RNA from the beads one final water rinse is passed through
chamber 1205 from the fluid inlet 1209. In this fraction the total RNA is re-

suspended. It passes over the membrane of the Combo valve 1210 through the
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siphon 1213, and into the collection chamber 1222 because the second valve
1211 has been opened by the first aqueous containing phase and as result the
liquid will preferentially follow this flow path. It will be appreciated that the
second dissolvable film valve 1211 was opened by the initial aqueous phase. All
consecutive flows are routed through the via hole opening, into the product
(RNA) collection chamber 1223.

It will be appreciated that a configuration incorporating a vertical stacking
arrangement whereby the sacrificial membrane is located in a plane
substantially perpendicular to the direction of the induced centrifugal force
facilitates manufacture of complex valve arrangements. Using such a stack
arrangement it is possible to include other materials within the valve structure.
Examples include functional membranes which may be integrated in the same

way without significantly increasing the complexity of manufacture.

It will be appreciated that the destruction of dissolvable layer occurs at a
frequency of rotation of the device- herein referred to as the burst frequency.

Such features are an improvement on the centrifugal platform as valving
technologies that can withstand very vigorous hydrodynamic conditions enable
processing (radially) above the valve while preserving downstream functionality.
For instance the retention of the valves at such high-speeds shows potential for
storing and withholding reagents throughout a series of spin protocols and
opening on-demand at key operational times. This would be useful in such
applications like clinical diagnostics where high-speed centrifugation is
necessary for plasma separation from whole blood or vigorous mixing and
homogenization steps. Valves retaining the regents/buffers required to analyse
or process the components remaining in the supernatant, would be capable of
holding until after the blood components are separated.
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Microfluidic devices incorporating valves within the context of the present
teaching are also useful for bioassays, e.g. immunoassays in clinical
applications.

The mixing reservoir may be provided with a phase change material such
as a material which is solid at room temperatures and becomes a fluid (lighter
than water) at elevated temperatures. For example a suitable material is
paraffin or a wax. By elevating the temperature of the disc while the disk is
spinning it is possible to cause such materials to melt and thereby allow the fluid
in the metering chambers to displace the fluids in the mixing reservoir and
subsequently mix. Such an elevated temperature may be provided as part of a
PCR/isothermal DNA amplification.

It will be appreciated that the use of the sacrificial layer valve represents a
significant improvement on prior art efforts to provide mixing on a centrifugal
platform as high-speed rotation can be performed without hindering other
processes (as opposed to traditional passive valving techniques which can only
withstand up to ~1000 RPM).

In another embodiment not shown in the above figures, the dissolvable film
technology could be used in blood separation. In this application, whole blood is
introduced in a chamber on the disc. A valve provided within the context of the
present teaching is placed at the end of an exit channel connected to the blood
separation chamber. A “slowly dissolving” film layer, which takes minutes to
liquefy, will be in contact with whole blood during centrifugal sedimentation
(under high speed sedimentation the process takes about 3 min). The pure,
separated plasma, which would have been in contact with the valve, liquefies
and thus opens the valve. Further pumping will propel the pure plasma through
the valve site for further processing on the disc.

Figure 12C shows a further arrangement provided in accordance with the
present teaching. a) Schematic of the device showing the loading chamber (L),
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chamber 2 holds the organic waste (Warg), Nnext chamber (Eaq) collects of the
eluted total RNA and chamber 4 retains the aqueous waste (Waq). Also shown
are the positions of a Hydrophobic Membrane Valve (HMV) and dissolvable film
(DFV) valves. This arrangement is exemplary of how, in accordance with the
present teaching it is possible by strategically placing various valve types in a
designated microfluidic network, it is possible to provide a solvent-selective
router capable of the sequential handling of multiple- in this example four- liquid
aliquots. These aliquots were automatically collected on-disc in separate
chambers. The device, illustrated in Figure 12C displays four distinct chambers:
for loading of the solid phase and reagents (chamber L), for the aqueous waste
(Waq) in the first, for collecting the organic waste (Wog) in the second and third
and for eluting the extracted RNA (Eaq) in the final step of the solid-phase
extraction protocol. Within the loading chamber, a baffle with laser ablated
radial grooves, 100um wide, was provided to retain the beads in the presence
of flow.

In order to collect the phases separately two solvent-specific valving
schemes are used. The valves were assembled into a tab structure using two
pieces of PSA — as was previously described with reference to Figure 1. The
first was a Dissolvable Film Valve (DFV), which resists organic solvents, i.e. it
would not dissolve during two of the four extraction steps, i.e. in the presence
the IPA and EtOH. The second valve was a Hydrophobic Membrane Valve
(HMV), which permitted the passage of the organic phase but remained
impermeable to water. This single-use DFV opened once in contact with water
whereas the HMV remained intact preventing water from passing through. In
total, the router utilizes four valves (HMV, siphon valve, DFV and HM) with
different functionalities. The Hydrophobic Membrane (HM) at the outlet of the
aqueous waste, shown in Figure 12C, serves two roles; first, it acts as a
selective barrier to prevent the solution from flowing out of chamber 4, and

secondly it acts as a vent. The frequency actuated siphon valve permits the
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aqueous fraction to pass and to restrict the IPA and EtOH, minimizing the risk of

contamination with organic solvents.

To reduce both the processing time and probability of contamination with
external RNases during RNA sample preparation, solid phase extraction and
purification with sequential loading of reagents and elution into designated
reservoirs was integrated into the device. First, the crude aqueous extract from
a homogenized biological sample (MCF7 cells) was introduced onto the beads
inside the loading chamber (L). The RNA from the solution was retained on the
acid-washed glass beads as a result of charge-charge interactions, as is known
in the art. Using a specific spin frequency, the RNA depleted fraction was
directed through a siphon valve into an aqueous waste chamber (Waq). This
flow actuated a normally closed DFV that opened a vertical channel and would
deflect consecutive liquid flows, which pass the siphon crest, into the RNA
elution chamber. Next, the disc was stopped and 2-propanol (IPA) was pipetted
into the loading chamber to precipitate any remaining unbound RNA. At high
rotational frequency (75 Hz) the IPA was driven through a hydrophobic valve
into an organic waste chamber (Worg). Ethanol was consecutively loaded that
rinsed away salts from the beads and precipitated nucleotides. Strategically
positioned, the siphon restricted the flow of organic solvents before the liquids
could reach its crest. Finally, 100 uL of aqueous buffer was introduced on-disc
to elute the RNA from the beads. Using a predefined frequency of rotation drove
the fluid above the HMV, over the siphon crest and through the open vertical
channel into the RNA aqueous elution reservoir, E,q . Thus, the solvent specific
valves permitted a separate collection of the purified RNA containing a fraction
from the aqueous and organic waste. It will be appreciated that this is an
example of a stop-go assay that may be provided in accordance with the
present teaching.

Figure 12D shows an example of how the present teaching may provide

routing of different fluids. In this arrangement a simple, “inverse-Y” structure
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comprising a loading chamber connected via a bifurcation to two outlet
chambers is provided. The 3-dimensional (3D) architecture of these multi-layer
discs allows different channels to be provided in separate layers and be
connected via a vertical through hole sealed using one of the solvent-selective
valves; in this case a HMV. In absence of this HMV, i.e. in an open vertical via,
the liquid would preferentially travel to the left collection chamber due to the
lower flow resistance of this pathway. However, the HMV remained
impermeable to aqueous solutions, thereby routing the flows to the right
collection chamber. Alternatively, organic solutions could pass freely through
the HMV and were hence routed to the left collection chamber. The selective
barrier (DFV, HMV) that we introduced enabled a robust system that was not
dependent on channel geometry during initial flow. Essentially, routing bound
tightly to following the sequence of liquids and maintaining the pressure balance

in an air pocket formed between the advancing and the stationary liquids.

The valve technology of the present teaching can also be used for
implementing a dilution function. The valve is placed in a pneumatic chamber
connected to the dilution chamber. After adding dilution buffer to the sample in
the dilution chamber, the diluted sample is propelled into the pneumatic
chamber where it liquefies and opens the valve. Further pumping thus propels
the liquid through the valve site for further processing.

In another application using a value in accordance with the present
teaching, the valve is used to carry out a complete assay on a centrifugal
microfluidic platform. In this application, the valves are sequentially placed at
different positions on the disc where it is first used for blood separation, then
mixing of reagent buffer and plasma extracted from whole blood. The reagent
buffer and plasma are allowed to incubate. After incubation, they are propelled
to the optical detection region, where incubation with capture antibody and

optical detection occurs.
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In another application using a value in accordance with the present
teaching, is its use for on-board liquid storage. In this application, the valve
placed in a pneumatic chamber connected to the liquid storage chamber
provides both liquid and vapour barrier to the stored liquid. The liquid is stored
in this chamber for as long as necessary, e.g. during shelf life. When the liquid
is to be used, the disc is spun at the burst frequency of the pneumatic chamber;
this releases the liquid into the pneumatic chamber where it liquefies the valve
membrane. Further pumping propels it through the valve site for further
processing.

In another exemplary application usefully exemplifies the application of the
present teaching to biological assays it is possible to provide a fully automated
homogeneous, i.e. solution-phase nitrate / nitrite fluorometric assay entirely

through a rotational frequency protocol.

It will be appreciated that the foregoing exemplifies applications of the
present teaching whereby DF valves in accordance with the present teaching
can be configured to yield at a geometrically well-defined burst frequency which
can be tailored over a wide range of spin rates by the radial position of the valve
on the disc, the volume of the entrapped air in the pneumatic compression
chamber and the length of their inlet channel. Due to the broad range and sharp
definition of burst frequencies, the present inventors have integrated and
automated a comprehensive multi-step, assay protocol including the sequential
release of 4 reagents by merely rotationally actuated dissolvable-film (DF)
based centrifugo-pneumatic valving scheme. The exemplary application of
detection of nitrate/nitrite starting at clinically relevant concentration in whole
blood of donors shows results which are in good quantitative agreement with
results obtained by running the assay on a regular well plate.

It will be appreciated therefore from the above that the use of the hybrid
films in accordance with the present teaching for valving has applications for a
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range of microfluidic designs including both stationary and centrifugal
arrangements. Particularly, centrifugal based systems are enhanced by
dissolvable-film based valving; for example mixing, blood separation, metering,
phase separation, dilution, on-board liquid storage, etc. The provision of a
cascading valving network that effects an opening of such a valve by a trigger
generated by the opening of a second valve within the network lends itself to a
highly complex valving system within a microfluidic network without requiring

additional external stimuli to effect opening of individual valves.

By providing a valve comprising dissolvable films to form efficient barriers
for liquid flow; until the films are in direct contact with liquid reagents the seals
between regions of the device are fully maintained. No separate actuation of the
valve is required as the same pumping mechanism driving the flow also
actuates the valve. The sacrificial valves described here are of particular
interest for a range of applications; for example as programmable flow control
elements and as vapour barriers for on-board liquid reagent storage. Within the
context of the present teaching it will be appreciated that it is the direct contact
of the liquid with the membrane that causes the rupturing of the membrane. The
liquid does not flow through an already opened valve; the liquid causes an
opening of the valve. In this way the gas pocket which is initially provided
between the liquid and the membrane delays the contact of the liquid with the
membrane. The increase in pressure of the gas during the actuation process
may cause a stretching of the membrane, but it does not necessarily effect a
breaking of the membrane. The device is configured such that before the
membrane is stretched to a breaking point, the gas is displaced away from the
membrane allowing the liquid to come into contact with the membrane and
effect the opening of the fluid passage way between the two sides of the valve.
The stretching of the membrane may shorten the time period which the liquid
needs to be in contact with the membrane to effect a dissolving of the

membrane, but liquid contact is required.
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It will be appreciated from the above that a valve provided in accordance
with the present teaching is advantageous at least in that it:

1) Readily integrates with mass production techniques

The valving tabs can be premade and placed into the system at multiple
points along the fabrication/assembly of a device. As opposed to methods like
wax valving no special machinery is needed to keep waxes at liquid
temperature for dispensing. Also (moderate) heating of the device, e.g. for
running thermally controlled reactions, would be possible without compromising

the integrity of the valves.

2) Eliminates the need for peripheral actuation mechanisms.

The rotational control of the sample liquid itself is the mechanism for
actuation. As opposed to methods like wax valving no special machinery
(peripheral or otherwise) is needed, e.g. to heat the waxes for actuation. In the
variant where the liquid is initially separated from the valve by a pocket, the
actuation is implemented by the same actuator which propels the liquid through
the microfluidic chip, e.g. a pump or a centrifugal field.

In accordance with another aspect of the present teaching it is possible to
provide a valving arrangement which can be usefully employed to provide an
arrangement of metering valves and microchannels which can be used to assay
m*n sample/reagents on a disk. Such applications may be advantageously used
in the context of biomedical applications such as genotyping and drug
discovery.

Similarly to that described above, a microfluidic network is provided on a
substrate which is arranged to be rotated. Such a substrate may be provided in
the form of a cartridge or disk and, as a result of the induced forces arising from

46



10

15

20

25

30

WO 2014/198939 PCT/EP2014/062453

a rotation of the substrate, a fluid is pumped radially outward and may become
trapped and metered in structures with an outlet at the base. Using such an
arrangement it is possible to implement a system whereby increasing the RPM
of rotation of the substrate results in fluid leaving the structures through the
outlet and entering a catchment/mixing reservoir. This method may be
implemented in arrangements whereby the mixing reservoir is vented to
atmosphere or closed to atmosphere. It also can be provided in scenarios
where multiple mixing reservoirs are present on a chip. In such an
implementation each mixing chamber may be fed by at-least two

metering/valving structures.

An example of such a configuration is shown in Figure 13 which
exemplifies a valving arrangement which is configured to provide a combined
metering and aliquoting of a liquid from a metering chamber 1300 to a sample
chamber 1301. Desirably the metering chamber is provided immediately
upstream of a valve or some other flow control 1303 provided in a fluid sample
channel 1302.

As shown in Figure 13, the fluid sample channel 1302 may be provided as
a branch off a main fluid channel 1304. In this way a liquid passing in the fluid
channel will collect in the metering chamber 1300 and will be retained therein
until such time as the valve is opened. The dimensions of the metering chamber
will define the ultimate volume of liquid that is subsequently aliquoted from the
metering chamber to the sample chamber.

In one arrangement this configuration of the present teaching provides a
valving arrangement which may incorporate a cellulose/ paper-based or
membrane-based metering structure for use on a centrifugal microfluidic lab-on-
a-disc platform. On presenting a valve in an initially closed configuration a finite

volume of liquid may be allowed collect in a metering chamber upstream of the
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valve. Opening the valve allows the flow of this metered volume to a sample or

mixing chamber located downstream.

By using a sacrificial membrane, such as paper or a hydrophobic
membrane which absorbs and holds back the liquid up to a certain pressure
barrier, to provide the valve it is possible to use the properties of the membrane
to determine the time of opening of the valve. For example, by increasing the
spinning rate the disk is subjected to, the liquid can be forced through the

paper/membrane and into a mixing chamber.

In one arrangement the metering chamber is located closer to the axis of
rotation of the disc than the mixing chamber such that when the valve is opened
the rotation of the disc induces a fluid flow from the metering chamber to the

mixing chamber.

Desirably the device is provided as a multi-layer microfluidic device
comprising first 1304A and second 1304B fluid channels provided in different
layers of the device. The fluid channels are configured relative to one another to
provide a combined metering and aliquoting arrangement such that a first and
second metered sample provided from each of the first and second fluid
channels may be directed to a common mixing chamber 1301 for use in an

assay.

The example of Figure 13 illustrates the example of how a microchannel
1304 connects two reservoirs- not shown. Fluid is pumped from one reservoir to
the other via centrifugal force. At a given point in the microchannel the fluid
comes in contact with a paper tab 1303. This paper tab has been partially
exposed to the fluid. A certain amount of liquid is absorbed (as a function of the
paper’s absorbance, the fluid’s time in contact with the paper, the surface area

of the paper which is exposed and the entire size/volume of the paper tab) and

48



10

15

20

25

30

WO 2014/198939 PCT/EP2014/062453

then retained in the tab. The remaining volume of fluid continues to the lower

reservoir leaving a defined volume of fluid in the tab.

The rate of spin rate is increased such that the paper tab can no longer
retain the volume of fluid through absorbance. The fluid wicks from the paper

into a shaped microchannel and then into a container 1301.

In one configuration microchannels/paper tabs in multiple layers are
configured such that two or more paper tabs interface with a mixing reservoir
with liquid under centrifugation conditions. Therefore a liquid sample or
reagents can be discretised such that elements of M fluid samples can be
mixed with N reagent elements to make M*N sample-reagent mixtures.

In another configuration shown in Figure 14, where the same reference
numerals are used for similar components, the microchannels contain small
catchment structures 1300 which retain a specific volume of fluid. A porous
membrane (hydrophobic or hydrophilic) or absorptive material (such as paper)
is located at the lower part of the catchment structures and serves as a valve
1303. As the fluids (samples or reagents) are pumped form one reservoir to
another the centrifugal force is insufficient to force the fluid through these
membranes. However, on increasing the centrifugal force the fluid is driven
through these membranes or absorptive material such that a substantial portion
of the fluids enter a mixing chamber 1301

In another configuration the metering volume 1300 may be pre-loaded with
a (possibly immiscible) liquid which is less dense than the mixing liquids. At low
centrifugation rates surface tension is sufficient to prevent the assay liquid
entering the mixing chamber. However at higher rates the density difference
between the sample/reagent liquids and the pre-loaded fluid results in the fluids

inverting and the sample/assay re-agents entering the mixing chamber.
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In another configuration, one or more of the individual mixing chambers
can be pre-loaded with a material which undergoes a phase change (sold to
liquid) at low temperatures (<60 C), e.g. a paraffin. This material can be used
to prevent fluids entering the metering structure but upon a phase change
inverts with the fluids and allows them to mix. By using a material whose phase
change properties are related to elevated temperature regimes necessary for
performing a specific assay for example pre-heat for PCR, pre-heat and
constant temperature for LAMP it is possible to link an opening of a valve to a
specific temperature regime used for other purposes within the assay protocol.
In another configuration it is possible to use dissolvable solid or gel which
substantially occupies the mixing chamber and prevents the liquids from
meeting. This dissolvable solid/gel can also be part of the reaction - a jellified
PCR reagent for example. .

It will be appreciated that each of these configurations share the common
feature of providing a network of microchannels with the result that it is possible
to mix liquids in a combinatorial fashion. This ability to array M*N fluid elements
has major applications in areas such as DNA genotyping. In this applications
the steps load fluids into the inlet chambers (M+N pipetting steps) results in
M*N combinatorial preparations where in conventional liquid handling methods
M*N*2 pipetting steps would be required.

If used with a single DNA sample this approach also has great potential in
the field of dPCR.

The actual layout of the individual microchannels may follow paths that do
not run parallel to or are synced with the direction of rotation of the substrate.
For example as shown in Figures 15 and 16, the microchannels may be formed
in a spiral/reverse spiral format. In another example- shown in Figure 18 — the
microchannels are provided in a microwell plate based configuration. Using a 96
Well format could allow 48*48, 24*72 etc. A 384 well format could allow
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192*192; 2 by 96*96. This could also be configured into the same form factor as

a conventional microwell plate by rotating from different axes.

By fabricating the microfluidic device such as that shown and described
above in a multilayer arrangement it is possible to fabricate a microchannel

which moves between layers to avoid intersection.

Using a complex network of individual microchannels and controlling the
flow of a fluid through this network through a use of a cascading valve structure
it is possible to provide an accurate metering system for controllably metering
individual volumes of a fluid to a desired location at a desired time. Such an
assembly may be implemented using a metering structure which is fed by
valves which allows a controlled flow of a liquid through the device. For example
a fluid may be bifurcated/discretised, bifurcated again and once in small enough
elements mixed per predefined assay protocols.

Such a complex network may include a plurality of mixing reservoirs. Each
of the reservoirs may be fed by one or more single sources. For example in the
context of PCR a mixing arrangement on a single rotatable substrate may be
provided for m-samples, n-primer/probes and a single source of Taq

polymerase master-mix).

By providing a plurality of individual fluid paths and controlling the fluid flow
between the individual paths it is possible to provide an arrangement which may
be loaded with from a plurality of fluid sources. In one configuration loading
cartridges or inlets for the chambers are arrayed at a pitch similar/identical to
commonly used micro-titre plates (9mm or 3.5mm pitch).

It is possible in accordance with the present teaching to provide an
arrangement whereby liquid flow within a device is controlled using one or more

sequential release valving arrangements. In addition it is possible to subject to
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the device and its contents to spatial or temporal thermal cycling or Isothermal
amplification. These techniques can be usefully employed in the provision of
PCR, DNA amplification methods such as Loop mediated isothermal
amplification (LAMP) and NASBA.

As was discussed above with reference to Figure 12, a cellulose material
may be incorporated into one or more of the individual microchannels and then
used as a metering structure. In use, a fluid flows over the cellulose material
and a discrete volume is absorbed. The excess fluid flows on to the next
metering structure/waste. Increasing the rate of centrifugation forces the fluid
downwards through the paper and into the mixing reservoirs.

By providing a network which incorporates a metering structure such as
described with reference to Figure 13, it is possible to separate the metering
structure from a mixing reservoir using a membrane. By increasing the rate of
rotation of the substrate it is possible to force a fluid through this membrane.
The membrane may be formed from a variety of materials such as cellulose or
paper based material. Any other absorptive material could also be used. It is
also possible to utilise the properties of a hydrophobic or hydrophilic membrane.
The small pore sizes of these membranes (typically in the range 0.1um-5um or
5um-50um) provide the valve with a well- defined, and increased ,flow
resistance compared to an open channel or typical capillary burst valve used on
conventional centrifugal microfluidics. These increased burst frequencies mean
the valves will not burst until the centrifugal force is increased significantly. This
large step-change ensures that the typical dependency of capillary burst valves

on radial location on a disk is mitigated.

In this example of providing a metering which doubles as an overflow
structure it is possible to provide a dissolvable film separating it from the mixing
reservoir. Similarly to that described above with reference to the sacrificial
membrane of the sacrificial valve, a pneumatic pocket may be provided which
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functions to prevent the dissolvable film from coming into contact with the fluid
at specific RPMs. By increasing the RPM it is possible to force the fluid into
contact with the dissolvable film valve, removing it and allowing the liquid to flow
into the mixing reservoir (Figure 14).

It is also possible to provide the metering structure as an overflow
structure with a dissolvable film separating it from the mixing reservoir. In such
a scenario the dimensions of the chambers are selected such that the fluid has
sufficient time to fill the metering structure and overflow before the dissolvable
film dissolves and allows the fluids to enter the mixing reservoir. Such an
arrangement may be provided without any change in the dynamic forces
applied to the device- for example without any increase in RPM of the disk.

The present teaching also provides an arrangement where no membrane is
used and the mixing chamber is pre-loaded/filled with an immiscible
fluid/material. Such a material is lighter than aqueous/water. By judiciously
providing a geometry of the channel linking the metering structures and mixing
chamber the presence of the immiscible fluid is sufficient to prevent the
aqueous fluid displacing the immiscible fluid. Choices for such an immiscible
fluid include an oil. Where an oil is used, the oil advantageously prevents
evaporation of the sample fluids once in the mixing chamber or results in
improved mixing of the reagents due to the merging of aqueous droplets in an
oil background. This may be particularly advantageously employed in
techniques such as PCR genotyping or qPCR for screening.

It will be appreciated that the above disclosure provides exemplary
arrangements of a rotatable microfluidic device provided on a centrifugal
platform and configured to selectively direct liquids through a predetermined
path using one or more valves. In one configuration the device comprises a first
valve in pneumatic communication with an actuation member that functions as a

control valve of the device. The device is configured such that actuation of the
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actuation member effects a retraction of a gas spacer provided in front of, or,
upstream of the first valve to allow a liquid come into contact with and dissolve
the first valve. Desirably, this actuation of the actuation member and the
subsequent dissolution and opening of the first valve can be event triggered so
as to allow for cascading events which mirror a predetermined number of steps
in an assay. This sequential opening provides for a selective control of the flow
of a liquid within the microfluidic device. In the context of an event triggered
arrangement a plurality of individual valves may be provided on the same
device and individually actuated dependent on certain parameters or conditions

being met.

For example it is possible to provide an arrangement where individual
valves are pulse actuated in response to changes to the rotation frequency of
the rotatable device or disc. In this way the timing of the valve actuations is
governed by the nature of the valve, i.e. the materials from which they are made
and their orientation within the overall disc architecture, while the time at which
the valves actuate is governed by changes in disc spin rate. By placing a
plurality of valves in series, it is possible to use the disc spin rate to trigger

valves.

In an example of one configuration, which could be considered analogous
to a high pass arrangement, a valving arrangement comprising a pneumatic
chamber sealed by both a control valve and a release valve is provided. The
release valve could comprise a dissolvable membrane - similar to that
described previously. The membrane may be recessed in a dead-end chamber
and with the control valve provided in an initially closed configuration, liquid
cannot enter the pneumatic chamber sufficiently to wet and dissolve the
membrane. However, once the control valve is actuated to adopt an open
configuration, the valve in effect becomes a burst valve where the membrane
will not be wetted unless the spin rate increases above a critical frequency.
Thus, opening the control valve puts the release valve in an openable state, or
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at least primes the release valve. Unless these two parameters are met (control
valve opened and the disc rotating above a critical spin rate) the release valve
will not open. In this way rotating the disc at a pulsed rotation rate can be used
to selectively actuate individual ones of the valves.

Figure 19 shows in schematic form such an example whereby a plurality
(three) valving arrangements are provided - each of the three valving
arrangements featuring a control valve and a release valve. With both valves
sealed the liquid will not contact and open the dissolvable films of the valves at
any typical disc spin rate. When the control valve is opened below a typical spin
rate the release valve will not open. However, with the control valve opened,
increasing the disc spin rate will effect opening of this release valve. It is clear
from the timing sequence of Figure 19 that by pulsing the rotation rate of the

disc individual valves can be actuated.

In another arrangement which is analogous to a low-pass configuration the
rotatable disc is configured to implement event-triggered flow control. Such an
arrangement may include a pneumatic chamber provided between a restrained
liquid and a release valve incorporating a dissolvable film, in the form for
example of a classical siphon geometry. With a control valve sealed, the liquid
cannot enter the pneumatic chamber and dissolve the dissolvable film at any
spin rates. Similarly, with the control valve opened and the disc spinning above
a critical frequency, the centrifugal force is sufficiently strong to prevent siphon
priming. Similarly to that described above with respect to the high-pass
configuration by reducing the spin rate at this point it is possible to prime the
siphon-based valve where the control valve opened but any siphon valve with
an intact control valve will not be primed. Using an electrical clock timing
analogy, the actuation of the valves may be timed to be coincident with rising
and falling edges of a pulse signal which changes the rotation rate of the disc
on which the valves are provided. The increase in rotation or spin rate of the
disc can be considered as being achieved by increasing the spin rate from a low
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level to a high level, analogous to a rising edge. By integrating a capillary valve
between the siphon and the dissolvable film, (which is inherent in the rapidly
prototyped geometries due to the shape of the microchannel) means the
dissolvable valve is only wetted on the rising-edge of the pulse; thus providing

even greater process control.

In another configuration the present teaching provides a valving
arrangement comprising a selective actuation mechanism facilitated by the
sequential passing of different liquids passed the valve. In yet another
configuration the present teaching provides a multilayer microfluidic device
comprising first and second channels provided in different layers of the device,
each of the first and second channels leading a common destination and

providing an integrated metering and aliquoting arrangement.

It will be appreciated and understood that elements or features that have
been described above with reference to one figure can be interchanged or used
with elements or features associated with another figure without departing from

the scope of the present teaching.

The words comprises/comprising when used in this specification are to
specify the presence of stated features, integers, steps or components but does
not preclude the presence or addition of one or more other features, integers,
steps, components or groups thereof.

56



27 Oct 2017

2014280043

25

30

Claims

1. A rotatable device comprising a microfluidic network of a plurality of

microchannels, the network comprising a first release valve comprising a
dissolvable membrane, the dissolvable membrane being dissolvable on
contact with a working liquid to effect an opening of the first release valve
and characterised in that the first release valve is in fluid communication via
a microchannel with an actuation member, the actuation member defining a
control valve of the device, the device further comprising a fluid spacer

provided upstream of the first release valve, the fluid spacer separating the

_ dissolvable membrane of the first release valve from the working liquid and

wherein operably actuation of the actuation member removes a
counteracting force that was previously serving to prevent the working liquid
progressing forwardly towards the first release valve and allows the working
liquid reach the release valve by causing a retraction of the fluid spacer
away from the dissolvable membrane and allowing the working liquid to
come into contact with and dissolve the dissolvable membrane which effects

an opening of the first release valve.

. The device of claim 1 comprising a plurality of actuation members in fluid

communication with the first release valve and configured to provide an OR

routing arrangement.

. The device of any preceding claim comprising a second release valve, the

first release valve and the second release valve each in fluid communication
with a single actuation member and configured to provide parallel release of
liquid from multiple liquid reservoirs; and preferably

wherein the actuation member is in fluid communication with a plurality of
valves provided upstream of the actuation member, actuation of the
actuation member being operably effected through a release of liquid from

the plurality of upstream valves.

. The device of any preceding claim comprising a plurality of release valves

and a plurality of control valves, the plurality of release and control valves

57



27 Oct 2017

2014280043

25

30

configured to be responsive to changes in a rotation rate of the device,
selective actuation of individual ones of the plurality of release and control

valves being effected by changing the rotation rate of the device.

. The device of any preceding claim configured such that actuation of the

actuation member effects an opening of the first release valve so as to
provide a sequential opening of individual fluid channels within the
microfluidic device and the selective control of the flow of the working liquid
within the microfluidic device; and preferably wherein the actuation member
comprises a dissolvable membrane which selectively dissolves on contact

with a predetermined liquid.

. The device of any preceding claim wherein the first release valve comprises

a liquid dissolvable film, the valve being located within a microchannel in
fluid communication with an outflow; wherein the actuation member
comprises a gas-tight barrier and the fluid spacer comprises a compressed
gas and wherein operably a bringing of the liquid into contact with the first
release valve dissolves this valve and opens a path for the working liquid

into another microchannel of the microfluidic network.

. The device of any preceding claim wherein the actuation member comprises

a gas-tight barrier and the fluid spacer comprises a compressed gas and
the device is configured such that when the first release valve and actuation
member are provided in a normally closed configuration the working liquid
can be operably compressed into a pneumatic chamber upstream of the first
release valve and is separated from the first release valve by the
compressed gas, the compressed gas providing a gas pocket between a
sacrificial membrane of the first release valve and the working liquid and
prevents the working liquid coming into contact with the sacrificial
membrane; and further

configured such that an opening of the actuation member creates a vent to
the pneumatic chamber and the reduced pressure allows the working liquid

to reach the first release valve.
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8. The device of any preceding claim comprising a plurality of fluid paths
defining a network and wherein the network comprises a channel defining a
fluid communication path between the first release valve and actuation
member, the channel being dimensioned to restrict flow of a liquid through
the actuation member; and further
wherein the channel defines a barrier, wherein the barrier is at least one of

a physical barrier;

resultant from the shape of a fluid path between the first release valve
and the actuation member;

a surface treatment of a fluid path between the first release valve and
the actuation member,

a gas-permeable, liquid-impermeable membrane; or

a tortuous path; and

wherein the channel extends radially inwardly, relative to an axis of rotation of

the device, so as to provide a geometric barrier to prevent a liquid being

centrifugally pumped through the actuation member; and

wherein the channel defines a syphon; and preferably

wherein the channel adopts a U-shaped path, the bend defined by the U being

proximal to the axis of rotation of the device; and

wherein the network comprises a channel defining a fluid communication path

between the first release valve and actuation member, the channel comprising

a gas permeable, but liquid impermeable membrane.

9. The device of any preceding claim wherein the actuation member is
actuatable through external stimulus such as mechanical, pressure,
acoustic, chemical, thermal and irradiation or through contact with some

liquid or gas.
10. The device of any preceding claim wherein the actuation member comprises

a dissolvable film which is openable through contact with a liquid or a

deformable membrane which is deformed through external stimulus.
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11. The device of any preceding claim wherein a rate of breakdown of the fluid
spacer is controlled by providing the vent in fluid communication with the
fluid spacer,

wherein the vent comprises a gas permeable solid matrix.

12.The device of any preceding claim primed to include the fluid spacer
provided between the working liquid and the sacrificial member of the valve;
and preferably
wherein a time delay between actuation of the actuation member and an
opening of the first release valve is dependent on the rate of breakdown of
the fluid spacer and the subsequent dissolution rate of the sacrificial
membrane; and wherein properties of the working liquid are matched to
properties of the sacrificial membrane to control a dissolution rate of the

membrane.

13.The device of any preceding claim configured to be operably coupled to
drive means to provide centrifugally or rotationally induced artificial gravity

conditions to induce flow of a liquid within the device.

14.The device of any preceding claim comprising a gas permeable, liquid
impermeable membrane between the first release valve and the actuation

member.
15.The device of any preceding claim wherein the liquid is a working liquid of

the device, the device further comprising an ancillary liquid operably used to

effect an actuation of the actuation member.

60



WO 2014/198939 PCT/EP2014/062453
1/36

Dissolvabel Film

l 115

Pressure Sensitive Adhesive

105

<«—100 100

| >

Figure 1

| @

SUBSTITUTE SHEET (RULE 26)



WO 2014/198939 PCT/EP2014/062453
2/36

201

202

203

Figure 1C

SUBSTITUTE SHEET (RULE 26)



WO 2014/198939 PCT/EP2014/062453
3/36

L —214

E

_— 213

e =N

Figure 2A

SUBSTITUTE SHEET (RULE 26)



WO 2014/198939 PCT/EP2014/062453
4/36

Pressure

Film Dissolves and Valve Opens Remaining Fluid is metered

Figure 1D

SUBSTITUTE SHEET (RULE 26)



PCT/EP2014/062453

WO 2014/198939

5/36

g¢ 8inbi4

Tf W[l j01U0) §O T W13 |04u0)
SUmyam pinj) Aq pajenyoe anjen

7

(3T

(3

PRIOM S| W[4 3Se3pY

(pz

§].JagLLep

Jhewnaud
UE S3A/0SSIP

T w4 o)

(or

T U joAu0)
SJm 74
e Wealjsdn

uoy pimi3

(qz

W[4 3523}y

THUl
joiu)

(ez

Tf W[l j01U0) §O T W13 |04u0)
SUmyam pinj) Aq pajenyoe anjen

(1

(a1

PRIOM S| W[4 3Se3pY

(PT

paJu3A
51 J3gLUeL
Jhewnaud
UE S3A/0SSIP
T# w4 oue)

(o1

o pinj

(AT

THul
jouo)

(et

SUBSTITUTE SHEET (RULE 26)



PCT/EP2014/062453

WO 2014/198939

6/36

D¢ ainbi4

{f lsquey)
uorpa||c)
OJUI pandws
T4 JI0M3S3Y

T lsquey)
uora3)[0)
ol panduis
THJon3s3Y

uom3|jo) B
)1 530duis
T4 JI0M3S3Y

PUB SIAOSSIP 74

W]l 9Ses{ay pinj

T loquiey)
™~ U019)10)
0} 530dul
THJIonasay
PUB SIAOSSID T#
Wity 2seafy pinj3

paYaN S| 74
W3(GeA oSS

. Palan g T
Wl pgenossg
a3y pin

a3y pin

(p

paluan
5] Jaquey
Jhewnaud
[UE Sar{ossIp
W4 o)

(2

W4 j01u0)
Som pinj

(9

T# J3UIeY) U3 0)

T# W4
3gerossIq
aseajay pini4

Wl 2jgenossig
[0J3ue)

.
T4 JIOAIRSY

T# W AGRAOSSg
aseappy i

74 JIOAIRSDY

(e

SUBSTITUTE SHEET (RULE 26)



PCT/EP2014/062453

WO 2014/198939

7/36

dg aInbi

74 JSUIBLY) U307 03Ul BuiAadusa 74 JIoAS3Y Ul pinjy e
1o [ed Ul T4 J30UIeY) UOL3{|07) 03U paudua Sey T4 ionsasay ul pinj4

74 JaqUIel) Uomalo)
MOl 74 Jonasay ulpiny

T#490UeY) U0RI9|j0)
0JUI SMO} T# AOAJOSIY Ul pinj}

PelloM I
2 W sse3py

paam |
T WlHj 3By

PRIU3A D18 74 JGUIRL) JBLUNSU PUB Ti JGURL)
JLLUNGU PIAOSSIP 3J8 74 L4 [03U07) PUB T W[ 04U0)

Uor8|0) ~ H W4 [0AU0) T Wi [0ao)

T lsquey)
Tf=Tog)

THWl —]
35e3[RY PNl
e ; /
35e3[RY PNl
- faquey)
74 Jaquiey) ! Jeunaug
ewnalg 74 ION3S3Y T4 JOAIas3Y (e

SUBSTITUTE SHEET (RULE 26)



PCT/EP2014/062453

WO 2014/198939

8/36

3z @inbi4

Pandwa 5 Lionasay

R
3j0eAj0ssIp aseajal piny

(3

DI pue n@,_cmmb LRI

poIaM 5| UBIqUAW
3{0BA|osSlp aseaja. pinj3

(4

(o

pajUan s JaqULey dnetnaud
PUB PANOSSIP | L4 04300)

310834 5 LOLIPUOD ONY
BUJGLIL 013U02 JoM SBULMIOA PINY PaUIQWIO)

YIoMpU
piny ut
AMen weansdn,

PUO23S Ag
paseale! pinyd

(2

oUW 0J3U03 JoM 03 SLn{OA JUSIILNSU|

SOMIU pInj Ul A

Aueansdn, 124 Aq paseajal pij{ —, W

\WJ

(9

AUBIGURY
ey

13QURY)
JeUNag
pajeas

20104 [e3npau)

ETITEN
j0i0)

SUBSTITUTE SHEET (RULE 26)



WO 2014/198939 PCT/EP2014/062453
9/36

" q\ low/atmospheric
pressure

1325
302
F,small 326
\_ y
ﬂ 14— 310A
327
300 4 " 3108 313

300
301

Figure 3

SUBSTITUTE SHEET (RULE 26)



WO 2014/198939 PCT/EP2014/062453
10/36

(]
STy

Figure 4

dissolve

F,elevated

SUBSTITUTE SHEET (RULE 26)



WO 2014/198939 PCT/EP2014/062453
11/36

low/atm.
395 pressure
326
Fy
high
DF | pressure
300

320

Figure 5A

SUBSTITUTE SHEET (RULE 26)



WO 2014/198939 PCT/EP2014/062453
12/36

300, 501

(a)

Figure 5B

SUBSTITUTE SHEET (RULE 26)



PCT/EP2014/062453

WO 2014/198939

13/36

10G

GG

v

asea|al

eSS
—>

-

LR Y

9 ainbi4

AJOSSIP

. "~

aw OSANNAANN
A J, \ A
aJanssaud
ysy

7

\’g
N\
.m
4
/
/
4
f

AN #

SUBSTITUTE SHEET (RULE 26)



WO 2014/198939 PCT/EP2014/062453
14/36

low/atm. 700
pressure ” «
325 . i 310B "
ancillary
326 2/ liquid
525
Fy
500
high
pressure '

320

Figure 7

SUBSTITUTE SHEET (RULE 26)



WO 2014/198939 PCT/EP2014/062453
15/36

700
500
- 501

release

g AT ATV
—

A AR L AR AL ALY yx :

 —
7 g
g ! 2

rIIIFES ©

Figure 8

R U A Eég‘gl\ e

ancillary
liquid

IS

N
\
\

N
eg

low/atm.
pressure
300

high
pressur

SUBSTITUTE SHEET (RULE 26)



PCT/EP2014/062453

WO 2014/198939

16/36

SABA
]8I0

JIRETY

R

EIL:T)
_eEoo@ oy
L0¢

(p)

Gece

JINEEEN

d01L€ -

oNEA
lauUBY)
_eEoo@ o
(1) =¥/
aNBA
lauUBY)
_eEoo@ o
/
(0)

JINETY

AN
oy 12UUEY0
®
() JIOAJBSBY
anE
louUBY?)
oAU
® JoRn0
anEA
(S 1BINO
IXAS
m Ggce
(@) & JIonJasay

N
007

&

NIoABs8Y

6 24nbiH

SUBSTITUTE SHEET (RULE 26)



PCT/EP2014/062453

WO 2014/198939

17/36

0l @inbi-
$[BUUBLO0IIN Bujosuuo) ...... S[ouUUBYR0II Buiosuuo) .
1oker) Jomor) ------ €00l 1oken JomoT ===
ang | j3queyn ane
enda [ o BA 40 [
| Jaquiey) 9001
uon8(09 7 aNeA A
|04U0) L001L |0u0?
| SNEA Go0L | BNBA 001
L oA ases|oy Z laquiey) | aneA ases|ay Z Jaquieyn
|04uon uoiosijo) 104U0") 2001 uoi9s)|09
¢ ONBA

| JIONBSSY

Z JIOAIaSaY

100}

| JIONISS8Y

ases|ay

Z JonI9seY

SUBSTITUTE SHEET (RULE 26)



PCT/EP2014/062453

WO 2014/198939

18/36

0} @inbi

sjouueyd0Lolp Budsuuoy ...
Jafe Jamo ------

anen 4a [
| Jlsqueyd

ucia8||09 Z oNEA
|04u0)

| aAfeA
asesjay Z Jaquiey)

b SN UoR3I0)

|041u0D

| JIOAIS8Y

7 JIONBSY

S|jauuByY0.I Buidauuoy ...
Jake Jjamo —-----

anen 40 [
| Joquey)

uolo9ij09 Z SNEeA
|04u0)

| SABA
asesjay Z Jaquiey)

b SHEA uo30)

|04U07)

| JIONIBSaY /

Z JIOAJBS3Y

SUBSTITUTE SHEET (RULE 26)



PCT/EP2014/062453

WO 2014/198939

19/36

0} @inbi-
S|9UUBYD0.IP Bunosuuosy .___.. sjauuRY0MIp Bunosuuod .
Jafe7 Jamoq ------ Jake Jemo -
anen 40 [ anen 40 []
| Jaquiey) | Jequey)
uonag|I09 Z 9NBA UoR93|0D Z 9NEA
0juo 0juo
| one [04u0) | one 104U0D
ases|ay Z Jaquiey) ases|ay Z Jaquiey)
EIN OAB
A U098}0) A L02Y0)
C SNEA

| JIOAJSSaY

Z JoAlasey

| JIOAIBSY

Z JoAIBseY

SUBSTITUTE SHEET (RULE 26)



PCT/EP2014/062453

WO 2014/198939

20/36

0} ainbi-
S|auuRy20.JaIN Bunosuuo) ... sjguuByd0.0IN Bunosuuo) ..
Jofe Joamo ------ Jafe Jamoq ------
anen 40 [ anen 40 [
| Jaquey) | Jaquieyn
uond9li0d Z SABA uonas9|09 Z 9ABA
[0U0) |04U0D
| SABA | 9ABA
aseajoy Z Jaquieyn ases|jay Z Jaquey)
e N
_wbc_ow uoie)|o) _w bc_ow uoi08jj09)
C SNeA
ases|ay

| JI0AJ8SaY

Z JlonJasay

| JIOAIBSaY

Z I0N9SaY

SUBSTITUTE SHEET (RULE 26)



PCT/EP2014/062453

WO 2014/198939

21/36

0l &inbi

s|jouuRyd0.I Bunosuuoy) ...
JakeT Jamo ------

anen 40 7]

| Jaqueyn
u0i3a80Q 7 SNBA
o = |0JU0)
L anen aseajoy Z %_ﬁﬂuw
C ONEA

Z Jlon8saY

sjauueya0I Bugosuuo) .
1ohe7 Jamo ------

anen 40 [
| Jaquieyd

uoi8|j09 Z aNEA
=l |0)U0D)
| SAEA

Z 8quIeyD
U0}}99]10)

| Jiontesay

Z JONISS8Y

SUBSTITUTE SHEET (RULE 26)



PCT/EP2014/062453

WO 2014/198939

22/36

0T 24n34

I 9AJEA
[0y

SPUUREIOIMY SUIDIUN0)
IIART J9M07]

A JA
[ Baquiey)
WONII0) T IAEA
y ‘jouo)y
[ 2a1EA
aseapay 7 faquiey)
% ﬁ@whwmmmﬁww
zoaey

aseapay
;

)/ 7 1oaxasay

[ aajep
joaiuo’y

S[PUUEYIOIN Sundauno)
13Ae] Jam0]

MEA AU
I Jaquey)
oI

Iasep
asedPY 7 quey)
uonIII0)
T 2EA \
aseajay

o,

7 JT0AIISIY




PCT/EP2014/062453

WO 2014/198939

23/36

V1l 8inbi-

30404
TYONARLINTD

¥

H3AMOd
ONvE

¥

GOLL

43dMCd
ONIMvE

SUBSTITUTE SHEET (RULE 26)



PCT/EP2014/062453

WO 2014/198939

24/36

qll @inbi

sadwa Jionsasay

pauado |
W14 3|eAj0S5Iq 38|y

(3

PR3N S| J3quIeY
atewnaud pue
PRAOSSIP ST W13 40

pajam s
310BAOSSI
35833y

wy
401 3M{0SSIP LB Uounjos

M NS XIW Spin -
RGP, e

%%\s pa|asiq
'59) piapeo| s wly
SNOSSIp U Y1 pinj4

30104 ednjuiue)

w4
3|oeAossig
00
W
ENAEN
Py ole
JELTIET)
Jeunalg
pajeas

(puug 33|l
4 2M0ssip Jou ||
i3 papeol-2ig

(e

SUBSTITUTE SHEET (RULE 26)



202

Fig. 12A



WO 2014/198939 PCT/EP2014/062453
26/36

1221 1222

Figure 12B

SUBSTITUTE SHEET (RULE 26)



WO 2014/198939 PCT/EP2014/062453
27/36

Figure 12D

SUBSTITUTE SHEET (RULE 26)



WO 2014/198939
28/36

PCT/EP2014/062453

/Exposed to Fluid

-
.’
4

Microchannel—. . -¥72,--=" -

Microchannel \,M

Pide
- -
» *

: . 1302 Absorbtive Material
Absorbtive Material e Mosorte Materl || EXPOSETOFIE  ~oRysec TA Absarbiive Materil
Exposed 0Pl < e m - /'Exposed to Fluid
Microchannel—. \ ' Expos&q bFd Mmrochan@'\,- - \
/ —Microchannel || InLayer2 —Microchannel
|n1tagg EIB In Layer 1 § \ n Layer |
. st 10N e e - \Absor‘btrve,
N S Fonfi 1300A || Fontu \N%mena‘u%me!ded
i ‘
From Fluid {}(F)entnfugal Mixing Reservoir gen rfugal Miing
13008 o 1301 () oree Resenor (D)
Absorbtive Material ) Asorbtive Material .- , .
NG @ BN e
Mrochannel~—. Microchannel mwi‘raocera;ge\’ o \ Microchannel
In Layer 2 O y —Microchanne
N In Layer 1 ~In Layer 1
Absorbtive Absorbtive Asorttive” e, Asorive
Material Shielded ~U Material Shielded Material Shielded ~U Material Shielded
From Flid w:rlum From Flid WFluud
Cent nfuga! Mixin Cent nfugal Mixin
{}Force Resera (©) Force Reserar ()
éggg;%téveowgﬁ%rial T Apsorbtive Material éf;ﬁé%%"%’éf&%”a' " Absobive Mater
SR _—Exposed to Fluid

. ——Microchannel || In LayerZ‘r»"‘éf" - —Microchanne!
In Layer 2 f*f InLayer 1 § In Layer 1
Aot 7 \Absortive Mosorotive” s, Absortive
Material Shielded - Material Shielded Material Shiglded “® Material Shielded
From Fli wmid From Flid WHLM
Centrifugal Mixin Centrifugal
g Mixing
@Force Resenor  (e) Force Resenvor ()
Absottive Neterl e RasottiveMterl || ESoDive Kot e Aosotive Materal
EXDOSGd to Fluid "" ¢ -‘ /Exposed to Fluid Mggsﬁ:ﬁﬂ; DRI SOS /EXpOSQd to Fluid
}WCLrOchagnel\ g\ —Microchannel || In Layer2 ==~z —Microchannel
n Layer /§ In Layer 1 N In Layer 1
Mosorttive” 3z, Absaorbive Aosorttive” Vi, Absorbtive
Material Shielded U Material Shielded Material Shielded U Material Shielded
From Fli WFluid From Fli WFluid
Centrifugal Miin Centrifugal Mixin
Force Resegvoir (9) Force Resegvou (h)
Figure 13

SUBSTITUTE SHEET (RULE 26)




WO 2014/198939 PCT/EP2014/062453
29/36

1300B D T
Microchamnel — L.e=""

Microchannel e, X" .o**

In Laver 2 o\ ——Wcrochannel || InLayer2 ™", ¢ __~Mcrochamnel
f /9130 In Layer 1 /a In Layer 1
13048/ 1304 H
RN Porous Membarane Porous Membrane R Porous Membarane
Po;ous M[?‘r!nbarane \OrPaper Fim 1303A || orPaperFim \Wmer Film
or1 %p g?;”é (Fientrifugai Mixing Reservalr Eentrifuga! Mixing
oree 1301 (a) orce Reservoir  (b)
e \ "‘K
N\ Microchamnel N\, .-
Microchanngl e, .= i :
o ——Microchannel )1 InLayer 7725 ¢ Microchannel
InLayer2 ‘//n o~ I Layer 00 In Layer 1
:~:~, E*:*« %\
Porous Membarang ™32 Porous Membarane Porous Membarane <32 Porous Membarane
or Paper Film or Paper Film or Paper Film or Paper Film
Centrifugal Mixin Centrifugal »
g Mixing
Force Reservolr () Force Reservolr  (d)
~ i ~ o
Migrocham el == e Wi Microchannels, -
T et ——icrochannel RagiP ——Microchannel
nleer2 . 0 inLajert  [|InLaver2 /n InLayer 1
:~:~.~ Q':\
Porous Membarang  +<:: Porous Membarane Porous Membarane  "~32» Porous Membarane
or Paper Film or Paper Film or Paper Film or Paper Film
Centrifugal Mixin Centrifugal »
g Mixing
Force Resenvolr () Force Resevoir (f)
N
Miootan el e+ —Microchannel
InLayer2 /m In Layer 1
Porous Me,mbaranew’t::; Porous Membarane
or Paper Film or Paper Film
Centrifugal Mixin
g
Force Reservoir (9)
Figure 14

SUBSTITUTE SHEET (RULE 26)



PCT/EP2014/062453

WO 2014/198939

30/36

Figure 15A
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Figure 15B
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Figure 15C
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