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Backeoround of the Invention

Field of the Invention

[0003] This disclosure generally relates to bioassay devices based on porous media,

methods of making same, and methods of using same.
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Discussion of Related Art

[0004] The analysis of biological fluids is useful for monitoring the health of
individuals and populations. However, these measurements can be difficult to implement
in remote regions such as those found in developing countries, in emergency situations, or
in home health-care settings. Conventional laboratory instruments provide quantitative
measurements of biological samples, but they are typically unsuitable for remote
locations since they are large, expensive, and typically require trained personnel and

considerable volumes of biological samples.

[0005] Other types of bioassay platforms provide alternatives to conventional
instruments, but they also have limitations in certain situations. For example,
microfluidic devices can be useful in biological and chemical screening. Both glass and
polymer-based microfluidic devices containing wells and/or channels have been
developed. However, conventional microfluidic devices—even when designed to be

simple—typically require pumps and external detectors for use.

[0006] While “dipsticks” are conceptually straightforward, they are generally too
expensive for low-cost settings, and generally require a relatively large volume of sample
in order to be able to make an accurate measurement, €.g., about 5 mL of sample. Such
large volumes of samples are not obtained easily in many situations, particularly from

premature infants and young children.

Summary of Invention

[0007]  Under one aspect, a bioassay includes a porous hydrophilic medium capable of
transporting fluids by capillary action; and a fluid impervious barrier embedded in the
porous hydrophilic medium, said barrier defining a channel terminating in one or more
detection regions in the porous medium. In one or more embodiments, the porous
hydrophilic medium is treated to provide a visible indication of an analyte present in a

fluid.

[0008] Under one aspect, an assay device includes a porous, hydrophilic medium; a

fluid impervious barrier comprising polymerized photoresist, the barrier substantially

2
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permeating the thickness of the porous, hydrophilic medium and defining a boundary of
an assay region within the porous, hydrophilic medium; and an assay reagent in the assay

region.

[0009] One or more embodiments include one or more of the following features. The
barrier further defines a boundary of a channel region within the porous, hydrophilic
medium, the channel region fluidically connected to the assay region. The barrier further
defines a boundary of a sample deposition region within the porous, hydrophilic medium,
the channel providing a fluidic pathway within the porous, hydrophilic medium between
the sample deposition region and the assay region. The barrier further defines boundaries
of a plurality of assay regions. The barrier further defines boundaries of a plurality of
channel regions within the porous, hydrophilic medium and further defines a boundary of
a sample deposition region, each channel providing a fluidic pathway within the porous,
hydrophilic medium between the sample deposition region and a corresponding assay
region of the plurality of assay regions. Assay reagents in at least some of the assay
regions. The barrier physically separates the assay regions of the plurality of assay
regions from one another. The assay reagent is covalently bonded to the porous,
hydrophilic medium in the assay region. The assay reagent is noncovalently bonded to
the porous, hydrophilic medium in the assay region. The assay reagent is selected to
provide a visible indication of the presence of analyte. The assay reagent is selected to
react to the presence of at least one of glucose, protein, fat, vascular endothelial growth
factor, insulin-like growth factor 1, antibodies, and cytokines. The photoresist comprises
negative photoresist. The porous, hydrophilic medium comprises one of nitrocellulose
acetate, cellulose acetate, cellulosic paper, filter paper, tissue paper, writing paper, paper
towel, cloth, and porous polymer film. The porous, hydrophilic medium is flexible. The
barrier has at least one dimension between about 5 cm and about 100 um. The barrier has
at least one dimension between about 300 um and about 100 um. The barrier has at least
one dimension less than about 300 pm. The channel has at least one lateral dimension
that is between about 750 pm and about 100 um. The channel has at least one lateral
dimension that is between about 250 pm and about 100 um. The channel has at least one
lateral dimension that is less than about 250 pm. An imaging device capable of obtaining
a digital image of the assay region. A processor in communication with the imaging

3
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device and capable of obtaining information about an analyte in the assay region based on
the digital image of the assay region. The processor is capable of obtaining the
information about the analyte based on an intensity in the digital image of the assay
region. A layer over the porous hydrophilic medium, the layer including at least one

aperture. The aperture provides at least part of a fluidic pathway to the assay region.

[0010] Under another aspect, an assay device includes a porous, hydrophilic medium;
a fluid impervious barrier substantially permeating the thickness of the porous,
hydrophilic medium and having a width between about 1 mm and about 100 pm, the
barrier completely defining a boundary of an assay region within the porous, hydrophilic

medium; and an assay reagent in the assay region.

[0011] One or more embodiments include one or more of the following features. The
assay reagent is selected to provide a visible indication of the presence of analyte. The
assay reagent is selected to react to the presence of at least one of glucose, protein, fat,
vascular endothelial growth factor, insulin-like growth factor 1, antibodies, and cytokines.
The barrier comprises one of photoresist and curable polymer. The porous, hydrophilic
medium comprises one of nitrocellulose acetate, cellulose acetate, cellulosic paper, filter
paper, tissue paper, writing paper, paper towel, cloth, and porous polymer film. The
barrier has at least one lateral dimension between about 300 um and about 100 pm. The
barrier has at least one lateral dimension less than about 300 um. A plurality of fluid
impervious barriers substantially permeating the thickness of the porous, hydrophilic
medium, each barrier having a width between about 1 mm and about 100 um, each barrier
each completely defining a boundary of a corresponding assay region within the porous,

hydrophilic medium; and an assay reagent in each assay region.

[0012] Under another aspect, an assay device includes a porous, hydrophilic medium;
a fluid impervious barrier substantially permeating the thickness of the porous,
hydrophilic medium and having a length and a width that varies by less than about 10%
along the length of the barrier, the barrier defining a boundary of an assay region within

the porous, hydrophilic medium, and an assay reagent in the assay region.

USIDOCS 6408445v}
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[0013] One or more embodiments include one or more of the following features. The
barrier further defines a boundary of a channel region within the porous, hydrophilic
medium, the channel region fluidically connected to the assay region. The barrier further
defines a boundary of a sample deposition region within the porous, hydrophilic medium,
the channel providing a fluidic pathway within the porous, hydrophilic medium between
the sample deposition region and the assay region. The assay reagent is selected to
provide a visible indication of the presence of analyte. The assay reagent is selected to
react to the presence of one of glucose, protein, fat, vascular endothelial growth factor,
insulin-like growth factor 1, antibodies, and cytokines. The barrier comprises one of
photoresist and curable polymer. The porous, hydrophilic medium comprises one of
nitrocellulose acetate, cellulose acetate, cellulosic paper, filter paper, tissue paper, writing
paper, paper towel, cloth, and porous polymer film. The barrier width is less than about
300 pm. The barrier width varies by less than about 5% along the length of the barrier.
The channel region has at a width between about 750 wm and about 100 pm. The channel
region has a length and a width that varies by less than about 10% along the length of the
channel. The channel region has a length and a width that varies by less than about 5%

along the length of the channel.

[0014] Under another aspect, a method of making a device includes saturating a
porous, hydrophilic medium with photoresist; exposing the saturated medium to a pre-
determined pattern of light; removing the photoresist from a region of the medium based
on the pre-determined pattern of light to define a barrier of residual photoresist that forms
a boundary of the region, wherein the pre-determined pattern of light is selected so that
the barrier defines an assay region in the region; and providing an assay reagent in the

assay region.

[0015] One or more embodiments include one or more of the following features. The
barrier is substantially fluid impervious. Selecting the pre-determined pattern of light so
that the barrier completely encompasses the region. Selecting the pre-determined pattern
of light so that the barrier borders a first portion of the region, and wherein an edge of the
porous, hydrophilic medium borders a second portion of the region. Providing the

reagent comprises covalently binding the reagent to the assay region. Providing the
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reagent comprises noncovalently binding the reagent to the assay region. Selecting
wherein the pre-determined pattern of light so that the assay region has a shape based on
transport characteristics of the reagent in the presence of a liquid. The assay reagent is
selected to provide a visible indication of the presence of analyte. The assay reagent is
selected to react to the presence of one of glucose, protein, fat, vascular endothelial
growth factor, insulin-like growth factor 1, antibodies, and cytokines. Selecting the pre-
determined pattern of light so that the barrier defines a channel region in the region. The
channel region has at least one lateral dimension that is between about 750 um and about
100 um. Selecting the pre-determined pattern of light is selected so that the barrier
defines a sample deposition region in the region. Saturating the porous, hydrophilic
medium with photoresist comprises applying a solution of the photoresist in a solvent to
the medium and substantially evaporating the solvent. Exposing the saturated medium to
a pre-determined pattern of light comprises irradiating the region with the light and
substantially not irradiating the barrier with the light. Exposing the saturated medium to a
pre-determined pattern of light comprises irradiating the barrier with the light and
substantially not irradiating the region with the light. Removing the photoresist
comprises removing the photoresist from a plurality of regions of the medium based on
the pre-determined pattern of light to define a plurality of barriers of residual photoresist
that form boundaries of corresponding regions. Saturating a second porous, hydrophilic
medium with photoresist; exposing the saturated second medium to a pre-determined
pattern of light; removing the photoresist from a region of the second medium based on
the pre-determined pattern of light to define a barrier of residual photoresist that forms a
boundary of the region; substantially aligning the barrier of the second medium with the
barrier of the first mentioned medium; and bonding the first medium to the second
medium. Applying a reagent in the region of the first medium, the reagent selected to
react to a target analyte. Providing one of a labeled antibody and a labeled protein in the
region of the second medium, the one of the labeled antibody and the labeled protein
selected to provide a color indication of a reaction between the reagent and the target
analyte. Providing a layer over the porous, hydrophilic medium, the layer including at
least one aperture that is aligned based on a position of the barrier. Selecting the pre-
determined pattern of light so that the barrier has at least one dimension that is between

about 5 cm and about 100 pm. Selecting the pre-determined pattern of light so that the
6
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barrier has at least one dimension that is less than about 250 pm. The porous, hydrophilic
medium comprises one of nitrocellulose acetate, cellulose acetate, cellulosic paper, filter
paper, tissue paper, writing paper, paper towel, cloth, and porous polymer film.
Removing the photoresist from a plurality of regions of the medium based on the pre-
determined pattern of light to define a plurality of barriers of residual photoresist that
form boundaries of a corresponding plurality of regions, wherein the pre-determined
pattern of light is selected so that the plurality of barriers define a corresponding plurality
of assay regions in the regions; and providing an assay reagent in at least some of the

assay regions.

[0016] Under another aspect, a method of making a device includes coating a stamp
of pre-determined pattern with a curable polymer; pressing the coated stamp onto a
porous, hydrophilic medium, the medium having a thickness and the curable polymer
substantially permeating the medium through its thickness in accordance with the pre-
determined pattern; curing the curable polymer so as to form a fluid impervious barrier
embedded in the medium, the fluid impervious barrier defining an assay region in the

medium; and providing a reagent in the assay region.

[0017] One or more embodiments include one or more of the following features. The
curable polymer comprises poly(dimethyl-siloxane) (PDMS). Selecting the pre-

determined pattern so that the barrier completely encompasses the region.

[0018] Under another aspect, a method of performing an assay to determine the
presence of an analyte in a liquid sample includes depositing the liquid sample on an
assay device, the assay device comprising a porous, hydrophilic medium, a fluid
impervious barrier comprising polymerized photoresist, the barrier substantially
permeating the thickness of the porous, hydrophilic medium and defining a boundary of
an assay region within the porous, hydrophilic medium, and an assay reagent in the assay
region, the assay reagent selected to provide a visible response to the presence of the
analyte; obtaining an image of the assay region; and determining the presence of the

analyte in the liquid based on the image of the assay region.

USIDOCS 6408445v]
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[0019] One or more embodiments include one or more of the following features.
Determining the presence of the analyte in the liquid comprises obtaining an average
intensity of at least a portion of the image of the assay region, and determining the
presence of the analyte in the liquid based on the average intensity. Obtaining the image
of the assay region comprises imaging the assay region with one of a camera phone, a
digital camera, and a scanner. Determining the presence of the analyte based on the
image of the assay region comprises transmitting the image to a remote lab, and obtaining
information from the remote lab regarding the presence of the analyte in the liquid.
Obtaining the image of the assay region comprises imaging the assay region with a
camera phone, and wherein determining the presence of the analyte based on the image of

the assay region comprises transmitting the image to a remote lab via the camera phone.

Brief Description of Drawings

[0020] In the Drawing:

[0021] Figs. 1A-1E are images of lateral flow bioassay devices, according to some

embodiments.

[0022] Fig. 2 shows images of lateral flow bioassay devices exposed to solutions

containing varying concentrations of analytes, according to some embodiments.

[0023] Figs. 3A-3C depict lateral flow bioassay devices contaminated with dirt, plant
pollen, and graphite powder, taken before and after exposure to solutions containing

analytes, according to some embodiments.

[0024] Fig. 4 schematically illustrates a plan view of a lateral flow bioassay device
for use in measuring the presence of glucose and protein in biological liquids, according

to some embodiments.

[0025] Fig. 5 illustrates steps for using a lateral flow bioassay device to quantitatively
determining the presence of analytes, e.g., glucose and protein in a biological liquid,

according to some embodiments.

USIDOCS 6408445v1



WO 2008/049083 PCT/US2007/081848

Date of Deposit: October 18, 2007
Agent File Ref. No. 42697.167WO1

[0026] Fig. 6 illustrates the results of a quantitative determination of the presence of
glucose and protein in biological liquids having varying concentrations of glucose and

protein using a lateral flow bioassay device, according to some embodiments.

[0027] Fig. 7 illustrates the long-term stability of the flow device in the quantitative
determination of the presence of glucose and protein in a biological liquid, with and

without trehalose, according to some embodiments.

[0028] Figs. 8A and 8B are perspective views of flow-through bioassay devices,

according to some embodiments.

[0029] Figs. 9A and 9B are front and back views, respectively, of an exemplary flow-

through bioassay device, according to some embodiments.

[0030] Fig. 10 illustrates an exemplary method for assembling a flow-through

bioassay device, according to some embodiments.

[0031] Fig. 11 illustrates an exemplary procedure for providing hydrophobic barriers
in porous, hydrophilic media using photolithography in the cleanroom, according to some

embodiments.

[0032] Fig. 12 illustrates an exemplary procedure for providing hydrophobic barriers
in porous, hydrophilic media using photolithography in the laboratory, according to some

embodiments.

[0033] Fig. 13 illustrates an exemplary procedure for providing hydrophobic barriers
in porous, hydrophilic media using microcontact printing, according to some

embodiments.

[0034] Figs. 14A-14B are images of hydrophobic barriers obtained using various

methods of patterning, according to some embodiments.

[0035] Figs. I5A-15C are images of grids of approximately 3.6 x 3.6 mm squares
bounded by patterned hydrophobic barriers into paper formed using various methods of

patterning, according to some embodiments.

USIDOCS 6408445v1
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[0036] Figs. 16A-16B are images of widths of relatively narrow barriers that provide
functional devices and are formed using various methods of patterning, according to some

embodiments.

[0037] Fig. 17A is an image of an exemplary lens for use with camera phones,

according to some embodiments.

[0038] Figs. 17B-17C are images of a bioassay device taken, respectively, with and

without the lens of Fig. 17A, according to some embodiments.

[0039] Fig. 18 A illustrates a perspective view of a three-dimensional bioassay device,

according to some embodiments.

[0040] Fig. 18B shows images of an exemplary three-dimensional bioassay device at

different times during exposure to colored liquids, according to some embodiments.

[0041] Fig. 19 illustrates a perspective view of a three-dimensional bioassay device,

according to some embodiments.

[0042] Fig. 20 illustrates plan and perspective views of layers in a lateral bioassay

device, according to some embodiments.

[0043] Figs. 21 A-21F are images of the lateral bioassay device of Fig. 20 at different

times during exposure to a colored liquid, according to some embodiments.

Detailed Description

QOverview

[0044] Embodiments of the invention provide lateral flow and flow-through bioassay
devices based on patterned porous media, methods of making same, and methods of using

same.

[0045] Under some aspects, porous, hydrophilic media are patterned with
hydrophobic barriers to provide a class of low-cost, portable, and technically simple

platforms for running multiplexed bioassays on biological liquids. One example of a

10
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useful hydrophilic medium for bioassays is paper, which is inexpensive, readily
commercially available, disposable, wicks liquids quickly, and does not need careful
handling as do some conventional platforms. The paper or other porous, hydrophilic
medium is patterned with hydrophobic barriers that provide spatial control of biological
fluids and enable fluid transport due to capillary action within the regions the barriers
define. The hydrophobic barriers can be polymeric, for example a curable polymer or a
photoresist, and provide a substantially impermeable barrier throughout the thickness of
the porous, hydrophilic medium within defined areas. Unlike conventional microfluidic
devices that include empty fluidic channels or wells in polymer or glass, the regions
bounded by these barriers are not empty, but instead are made from and contain the

porous, hydrophilic medium.

[0046] In further contrast to conventional devices, some embodiments of the bioassay
devices are made using photolithography by saturating the porous, hydrophilic medium
with photoresist, exposing the saturated medium to a pre-determined pattern of light, and
removing the photoresist based on the pattern, forming hydrophobic barriers made of
photoresist. The pattern of the light can be selected to define assay regions, channel
regions, sample deposition regions, and the like, the boundaries of which are at least
partially defined by the hydrophobic barriers. Although photoresist is conventionally
used with semiconductors, the inventors have discovered that, surprisingly, saturating a
porous, hydrophilic medium with photoresist and performing photolithography on that
photoresist allows for the fabrication of high quality features that are not available using
conventional assay production techniques. Typical conventional assay production
techniques involve applying a liquid to a porous medium in accordance with a pattern,
and then hardening the liquid to form features. However, when the liquid is applied, it
spreads laterally within the medium, thus causing a loss of definition in the features.
Photolithography does not rely on applying liquid in accordance with a pattern, thus
providing a significantly higher feature resolution than conventionally available. For
example, significantly smaller features can be made using this photolithographic
technique than can be made using screen-printing techniques, e.g., barriers having a
thickness between about 1 mm and about 100 pm, e.g., between about 300 um and 100

pm, or even smaller. Additionally, the technique can form features that do not vary

11
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significantly along their length, e.g., barriers having widths that vary by less than about
10%, by less than about 5%, or even less, along their length. Conversely, channels
defined by such barriers will also have widths that do not vary significantly along their
length, e.g., by less than about 10%, by less than about 5%, or even less, along their
length. Other embodiments of the bioassay devices are based on other methods of
production, such as soft lithography, which provide useful benefits and improved feature
resolutions not available using conventional techniques for making assay devices, as

described in greater detail below.

[0047] The bounded regions of the hydrophilic medium can be used to define one or
more assay regions in a bioassay device. The assay regions of the bioassay device can be
treated with reagents that respond to the presence of analytes in a biological fluid and
which can serve as an indicator of analyte presence. Because many embodiments of the
assays are intended to be easily usable without the use of complicated and expensive
equipment, in some embodiments the device’s response to the analyte is visible to the
naked eye. For example, the hydrophilic medium can be treated in the assay region to
provide a color indicator of the presence of the analyte. Indicators may include molecules
that become colored in the presence of the analyte, change color in the presence of the
analyte, or emit fluorescence, phosphorescence, or luminescence in the presence of the
analyte. In other embodiments, radiological, magnetic, optical, and/or electrical
measurements can be used to determine the presence of proteins, antibodies, or other

analytes.

[0048] In some embodiments, to detect a specific protein, an assay region of the
hydrophilic medium can be derivitized with reagents such as small molecules, that
selectively bind to or interact with the protein. Or, for example, to detect a specific
antibody, an assay region of the hydrophilic medium can be derivitized with reagents
such as antigens, that selectively bind to or interact with that antibody. For example,
reagents such as small molecules and/or proteins can be covalently linked to the
hydrophilic medium using similar chemistry to that used to immobilize molecules on
beads or glass slides, or using chemistry used for linking molecules to carbohydrates. In

alternative embodiments, the reagents may be applied and/or immobilized by applying

12
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them from solution, and allowing the solvent to evaporate. The reagents can be
immobilized by physical absorption onto the porous medium by other non-covalent
interactions. In general, a wide variety of reagents can be used with the bioassay devices
to detect analytes, and can be applied by a variety of suitable methods. These reagents
could include antibodies, nucleic acids, aptamers, molecularly-imprinted polymers,
chemical receptors, proteins, peptides, inorganic compounds, and organic small
molecules. These reagents could be adsorbed to paper (non-covalently through non-
specific interactions), or covalently (as either esters, amides, imines, ethers, or through

carbon-carbon, carbon-nitrogen, carbon-oxygen, or oxygen-nitrogen bonds).

[0049] However, the interaction of some analytes with some reagents may not result
in a visible color change, unless the analyte was previously labeled. The device can be
additionally treated to add a stain or a labeled protein, antibody, nucleic acid, or other
reagent that binds to the target analyte after it binds to the reagent in the assay region, and
produces a visible color change. This can be done, for example, by providing the device
with a separate area that already contains the stain, or labeled reagent, and includes a
mechanism by which the stain or labeled reagent can be easily introduced to the target
analyte after it binds to the reagent in the assay region. Or, for example, the device can
be provided with a separate channel that can be used to flow the stain or labeled reagent
from a different region of the paper into the target analyte after it binds to the reagent in
the assay region. In one embodiment, this flow is initiated with a drop of water, or some
other fluid. In another embodiment, the reagent and labeled reagent are applied at the

same location in the device, e.g., in the assay region.

[0050] The bioassay devices can be in a lateral flow configuration, a flow-through
configuration, a combination of the two, or in a 3-dimensional configuration. In a lateral
flow bioassay device, liquid flows laterally through the device by capillary action, e.g.,
from a sample deposition region of the medium where sample can be introduced into the
device, to an assay region of the medium, where the presence of analytes can be detected,
via a channel defined by the hydrophobic barrier. Because the hydrophobic barrier
defines the flow path of the liquid, appropriate selection of the barrier pattern can yield a

multiplexed assay, in which the liquid flows from the sample deposition region of the
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medium to multiple assay regions via multiple channels defined by the barrier. The
barrier can additionally be patterned such that the channels are sufficiently narrow to
allow a relatively small volume of liquid (e.g., less than 10 pL) to flow to all of the
desired regions of the device. Note however that the minimum feature size of the barrier
is dependent to some extent on the selected fabrication technique, as described in greater

detail below.

[0051] A flow-through bioassay device typically includes multiple layers, at least one
of which is a porous, hydrophilic medium that is patterned with hydrophobic barriers. In
use, liquid flows vertically from one layer to another, and the hydrophobic barriers
constrain the lateral flow of liquid. One or more areas of the porous, hydrophilic medium
can be treated to provide an assay for a target analyte, e.g., to provide a visible indicator
(or other detectible indicator) of the presence of the analyte. In some embodiments, one
layer of the device is treated with a stain or labeled reagent that provides a color indicator
of the presence of the analyte, e.g., after the analyte interacts with a reagent in another
layer. Note that some embodiments may include both lateral and flow-through of the

liquid.

[0052] Under many aspects, a single drop of liquid, e.g., a drop of blood from a
pinpricked finger, is sufficient to perform assays providing a simple yes/no answer to the
presence of an analyte, or a semi-quantitative measurement of the amount of analyte that
is present in the sample, e.g., by performing a visual or digital comparison of the intensity
of the assay to a calibrated color chart. However, in order to obtain a quantitative
measurement of an analyte in the liquid, a defined volume of fluid is typically deposited
in the device. Thus, in some embodiments, a defined volume of fluid (or a volume that is
sufficiently close to the defined volume to provide a reasonably accurate readout) can be
obtained by patterning the paper to include a sample well that accepts a defined volume
of fluid. For example, in the case of a whole blood sample, the subject’s finger could be
pinpricked, and then pressed against the sample well until the well was full, thus

providing a satisfactory approximation of the defined volume.

[0053] Some embodiments further include equipment that can be used to image the

bioassay device after deposition of the liquid in order to obtain information about the
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quantity of analyte(s) based on the intensity of a colorimetric response of the device. In
some embodiments, the equipment is capable of establishing a communication link with
off-site personnel, e.g., via cell phone communication channels, who perform the analysis

based on images obtained by the equipment.

[0054] Under certain aspects, such bioassays can be fabricated using simple methods
that generate patterned hydrophobic barriers in hydrophilic medium. For example, in
some embodiments, the hydrophilic medium is soaked in photoresist, and
photolithography is used to pattern the photoresist to form the barriers. Photolithography
can be performed in the cleanroom, or, as demonstrated below, can also be performed
outside a cleanroom, e.g., in a typical laboratory setting, without significantly impacting
the quality of the fabricated barriers, and with significantly reduced cost. In other
embodiments, micro-contact printing is used to define the barriers. Here, a “stamp” of
defined pattern is “inked” with a polymer, and pressed onto and through the hydrophilic
medium such that the polymer soaks through the medium, thus forming barriers of that
defined pattern. Other fabrication techniques can also be used, some of which are
described below. Depending on the intended application of the device and the specific
barrier fabrication technique used, the barriers can have widths of greater than about 200
um, and can define channels having widths on the order of microns, for example about 50

pm, or up to a several millimeters or larger.

[0055] While some embodiments include chromatographic paper as the porous,
hydrophilic medium, in general any substrate that wicks fluids by capillary action and that
1s compatible with the selected patterning method may be used, e.g., nitrocellulose and
cellulose acetate, cellulosic paper, filter paper, cloth, and porous polymer film. For
example, nitrocellulose and cellulose acetate are commonly used and well-known
membranes for use in fluid diagnostics, but are not compatible with solvents typically
used in photolithography, so other methods would be more suitable for patterning them,
as discussed in greater detail below. In addition, the hydrophilic medium and the
hydrophobic barrier regions can be prepared using materials that are compatible with the

testing conditions, e.g., temperature, pH, and/or ionic strength.
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[0056] First, some embodiments of lateral flow bioassay devices and uses of same
will be described. Then, some embodiments of flow-through bioassay devices and uses
of same will be described. Then, some embodiments of methods for providing patterned

hydrophobic barriers in porous, hydrophilic media will be described.

Lateral Flow Bioassay Devices

[0057] Fig. 1A is an image of an array 100 of lateral-flow bioassay devices having a
hydrophilic medium and hydrophobic barriers, according to some embodiments of the
invention. Each device 110 includes one or more patterned hydrophobic barriers 130,
e.g., photolithograhically patterned and cured photoresist, and porous medium 120, e.g.,
chromatographic paper. The hydrophobic barriers 130 define regions in the medium 120
that can be used to perform bioassays. In the illustrated embodiment, barrier 130 defines
a sample deposition region 140, where a biological liquid can be deposited, and which
also serves as a channel to wick fluid by capillary action, and a plurality of assay regions
150, into which the biological liquid flows. As described in greater detail below, assay
regions 150 can be treated to provide assays for particular applications, e.g., to indicate
the presence of sugar in urine. Fig. 1A illustrates ten individual devices 110 that were
produced from a single 7.5 cm disk of chromatography paper; however the size of the
paper and the number and type of devices can be selected appropriately for a given

application.

[0058] Fig. 1B is an image of one of the bioassay devices 110 of Fig. 1A, after
absorbing about 5 uLL of Waterman red ink by capillary action. The sample deposition
region 140 absorbed the sample by capillary action, and the patterned hydrophobic barrier
130 directed the sample into the three assay regions 150. As the image shows, barrier 130
substantially restricts the sample flow within well-defined regions. Because the patterned
regions of the device can be fabricated to a relatively small size, as described in greater
detail below, only a relatively small volume of liquid (e.g., less than 10 uL is needed to
sufficiently fill the regions 140, 150 defined by the barrier 130; in general, various
configurations of devices may require about 0.1 pL to 100 pL of fluid to fill the device,

depending on the size of the device and the sizes of the features within the device.

16

USIDOCS 6408445v]



WO 2008/049083 PCT/US2007/081848

Date of Deposit: October 18, 2007
Agent File Ref. No. 42697.167WO1

[0059] In some embodiments, one or more regions of the hydrophilic medium, e.g.,
paper, are derivatized for biological assays by adding appropriate reagents. Fig. 1C is an
image of an embodiment of a bioassay device 160 in which assay regions 170 and 180
have been spotted with different reagents for diagnostic use, and a third assay region 190
is a control. In the illustrated embodiment, region 170 is prepared with a glucose assay
that is adapted from that described in J.D. Peele, R.H. Gadsden, R. Crews, Clin. Chem.
1977, 23, 2242-2246, the entire contents of which are incorporated herein by reference.
As described in greater detail below, the assay is prepared by spotting the assay region
170 with 0.3 pL of a 0.6 M potassium iodide followed by 0.3 pL of a 1:5 horseradish
peroxidase/glucose oxidase solution (15 units of protein per mL of solution). When the
assay is exposed to glucose, the glucose is oxidized by the glucose oxidase in the
presence of water and oxygen, to give gluconic acid and hydrogen peroxide. The
hydrogen peroxide is then reduced to water by the horseradish peroxidase with a
concomitant oxidation of the iodide to iodine. The result is a visible color change from

clear to brown that is associated with the presence of glucose.

[0060] Region 180 is prepared for a protein assay that is adapted from that described
in M.J. Pugia, J.A. Lott, J.A. Profitt, T.K. Cast, J. Clin. Lab. Anal. 1999, 13, 180-187, the
entire contents of which are incorporated herein by reference. As described in greater
detail below, the assay is prepared by spotting the region 180 with 0.3 pL of a priming
solution (0.3 pL) (92% water, 8% ethanol by volume, 2.5 g/L polyvinyl alcohol and 250
mM citrate buffer at pH 1.8), followed by 0.3 uL of a reagent solution (95% ethanol, 5%
water by volume, 3.3 mM tetrabromophenol blue). The protein assay is based on the
color change of tetrabromophenol blue (TBPB) when it ionizes and binds to proteins. A

positive result in this case is indicated by a color change from yellow to blue.

[0061] Region 190 can be used as a control well and can be either spotted with iodide

but no enzyme solution, or with enzyme solution but no iodide.

[0062] In this exemplary embodiment, the reagents were spotted with capillary tubes,
however pipets, or pins such as used in microarrays could be used to mass-produce the
assays. Ink-jet printing may also be used to deposit reagents. The spotted reagents were
allowed to air dry at room temperature for at least 3 min before using the device.
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[0063] Fig. 1D is an image of the bioassay device of Fig. 1C after being exposed to 5
pL of an artificial urine solution that did not contain glucose or protein. Specifically, a 5
pL sample solution was transferred to a Petri dish with a micropipette, the bottom of the
device was dipped into the solution, and the solution was absorbed into the paper by
capillary action. The artificial urine solution was prepared according to the recipe
provided by Brooks and Keevil (T. Brooks, C. W. Keevil, Lett. Appl. Microbiol. 1997, 24,
203-206, the entire contents of which are incorporated herein by reference). The artificial
urine solution contained 1.1 mM lactic acid, 2.0 mM citric acid, 25 mM sodium
bicarbonate, 170 mM urea, 2.5 mM calcium chloride, 90 mM sodium chloride, 2.0 mM
magnesium sulfate, 10 mM sodium sulfate, 7.0 mM potassium dihydrogen phosphate, 7.0
mM dipotassium hydrogen phosphate, and 25 mM ammonium chloride all mixed in
Millipore-purified water. The pH of the solution was adjusted to 6.0 by addition of 1.0 M

hydrochloric acid. All reagents were obtained from Sigma-Aldrich.

[0064] Fig 1E is an image of the bioassay device of Fig. 1C after being exposed to 5
pL of the above-described artificial urine solution that additionally included 550 mM
glucose and 75 pM bovine serum albumin (BSA). The control region 190 was spotted
with the potassium iodide solution, but not with the enzyme solution. Both glucose assay
region 170 and protein assay region 180 show a visible response to the presence of the
respective analyte in the solution, while control region 190 does not show a significant
response. A similar control containing the enzyme solution, but not the iodide, gave

substantially the same results (data not shown).

[0065] The above-described tests were repeated under varying conditions of time and
temperature in order to determine the stability of the assays. It was found that for this
particular embodiment, the protein assay yielded comparable results irrespective of
storage temperature and time, when stored wrapped in aluminum foil for about 15 days,
either at about 0 °C or at about 23 °C. The glucose assay appeared somewhat more
sensitive to storage conditions, and showed decreased signal for assays performed about
24 hours after spotting the reagents when stored at 23 °C; however, when the glucose
assay was stored at about 0 °C for about 30 days, it yielded comparable results as it did
initially.

18

USIDOCS 6408445v1



WO 2008/049083 PCT/US2007/081848

Date of Deposit: October 18, 2007
Agent File Ref. No. 42697.167WO1

[0066] Fig. 2 illustrates a sequence of tests performed on the exemplary bioassay
illustrated in Fig. 1C. Specifically, the bioassay was exposed to samples of artificial urine
containing glucose and protein in clinically relevant ranges (2.5-500 mM for glucose and
0.38-75 uM for BSA) by dipping the bottom of each device in 5 uL of the test solution.
The fluid filled substantially the entire region defined by the patterned hydrophobic
barrier within about one minute. The assays dried and the visible indicators substantially
fully developed after approximately 10-11 min. The intensities of the resulting visible
indicators approximately corresponded to the amount of glucose and protein in the test
samples. In general, the lowest analyte concentrations that result in a detectable response,
€.g., that result in a visible color change, define the lower limits of the assay sensitivity.
In the tests performed here, color changes are visible at 2.5 mM of glucose and at 0.38
puM of BSA, indicating that the assays are at least this sensitive (and maybe lower). In
comparison, typical commercially-available dipsticks detect as low as 5 mM glucose, or
as low as 0.75 uM protein. Thus, the illustrative bioassay described above is at least as
sensitive as these dipstick assays. Moreover, the assay format allows for the
measurement of two or more analytes at once, whereas dipsticks are typically limited to

measurement of a single analyte.

[0067] In general, by performing measurements with varying concentrations of
analyte, a standard curve for the measurement may be determined. Thus, a given protein
or antibody concentration can be correlated with a visible color change or intensity,
allowing quantitative measurements. Note however that conventional radiological,
optical and/or electrical measurements to determine the presence of proteins or antibodies

are not incompatible with the platform, and in certain circumstances may be useful.

[0068] During typical use, liquid samples may not be measured under sterile
conditions; for example, blowing dust or other particulate impurities may contact the
liquid and/or the device. One useful feature of bioassays containing a porous, hydrophilic
medium is that the medium also serves as a filter to remove at least some impurities that
may be harmful to the biological sample. Figs. 3A-3C are images of lateral flow devices
as shown in Fig. 1C, that have additionally been contaminated with dirt, plant pollen, and

graphite powder, respectively. These contaminants approximate conditions that can be
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encountered during the typical collection and analysis of samples in the field. After
deposition of the contaminants, the devices were exposed to artificial urine samples
containing 550 mM glucose and 75 uM BSA. As Figs. 3A-3C illustrate, these
particulates substantially do not move up the channels, and do not significantly interfere

with the assay.

[0069] In general, there are at least two ways to introduce a liquid sample to a
bioassay device, depending on the design of the particular embodiment. For example,
some embodiments include a sample deposition area that is bounded by an edge of the
porous, hydrophilic medium. The sample can be introduced to such a device by dipping
this edge of the sample deposition area into the liquid. The liquid then flows laterally to
one or more assay areas. Other embodiments include one or more sample deposition
areas that are located centrally to the device, and have boundaries at least partially
defined by the barriers, so that instead of dipping an edge of the device into a liquid,
instead a drop of the liquid can be applied to the central sample deposition area(s). The
liquid then flows laterally to one or more assay areas. Such a device can be used without
the need for a separate, sterile sample repository, which not only reduces the burden on
the patient to provide a relatively high-volume liquid sample within the repository, and

also reduces the burden on health-care workers to handle and dispose of the liquid.

[0070] Fig. 20 shows top and bottom plan views of an exemplary lateral flow
bioassay device 2000. The device includes a top layer 2020 that is laminated to or
otherwise bonded to a bottom layer 2010. As can be seen in the top view of the device,
the top layer 2020 includes a substantially liquid-impermeable material, e.g., a dry-film
photoresist, into which a channel 2020’ is provided that can be used for sample collection.
In the illustrated embodiment, the channel 2020’ includes a central aperture and from
which several narrow apertures radiate. The bottom layer 2010 includes a porous,
hydrophilic medium, e.g., paper, and patterned hydrophobic barriers, e.g., patterned
photoresist as described in greater detail herein, and which define a test zone 2010’ that
includes central sample absorption area from which several channels radiate and

terminate in respective assay areas.
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[0071] The device 2000 can be formed as illustrated in Fig. 20, according to some
embodiments. First, to form the lower layer 2010, a porous, hydrophilic medium
saturated with a hydrophobic material such as photoresist 2011 is provided, as described
in greater detail below. The saturated medium 2011 is then exposed to UV or other
suitable light through a mask 2040 that has a pattern selected according to the desired
pattern of the hydrophobic barrier in the device 2000, and the hydrophobic material is
then developed, as described in greater detail below, to form layer 2010. Layer 2010
includes a region 2011” that includes patterned hydrophobic barriers defining test zone
2010’, and a paper tab 2011°’ that can be used for handling the device without contacting
the test zone 2010°. The circular assay areas at the end of the channels of test zone 2010’

can be treated as described in greater detail above and below to react with analytes.

[0072] Next, to form the upper layer 2020, a layer of hydrophobic material that is
capable of patterning 2021, e.g., dry film photoresist, is provided. The material 2021 is
then exposed to UV or other suitable light through a mask 2050 that has a pattern selected
according to the desired pattern of the sample collection channel 2020°, and the
hydrophobic material is then developed, e.g., as described in greater detail below, to form
layer 2020. Layer 2020 includes a region 2021’ that includes sample collection channel
2020°, and a region 2021 including plastic backing that can be used for handling the
device without contacting the sample collection channel 2020°. Note that the upper and

lower layers can be formed in any desired order or in parallel as desired.

[0073] The upper layer 2020 is then bonded to the lower layer 2010, e.g., by
laminating them together, to form device 2000. The upper and lower layers are aligned
such that region 2021 overlays region 2011°” and region 2011 overlays region 2021°.
In the illustrated embodiment, the central aperture of sample collection channel 2020’
overlays the central sample absorption area of test zone 2010°. However, the narrow
apertures radiating from the central aperture of sample collection channe] 2020’ do not
overlay the channels or assay areas radiating from the central sample absorption area of
test zone 2010°. Instead, the narrow apertures of channel 2020 are laterally offset from
the channels and assay areas of test zone 2010°, so that liquid substantially cannot flow

directly from one of the narrow apertures of channel 2020’ into one of the channels or
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assay areas of test zone 2010°. Instead, the narrow apertures of channel 2020° cause
liquid to flow towards the central aperture of sample collection channel 2020°, from
which the liquid flows into the central sample absorption area of test zone 2010’ and from

there down the multiple channels and assay areas of test zone 2010.

[0074] In one example, lower layer 2010 was formed by saturating Whatman filter
paper 1 with photoresist; baking the paper at about 95 °C for about 10 minutes; pressing
the paper together with a mask (between two pieces of glass); exposing the paper to UV
light through the mask; baking the paper at about 95 °C for about 10 minutes; soaking the
paper in propylene glycol monomethyl ether acetate (PGMEA) for about 30 minutes to
wash away unexposed photoresist; and washing the paper with propan-2-ol. The paper
was then dried at about 25°C, and then plasma oxidized for about 10 seconds at about 500

torr to improve the hydrophilicity of the channels and test zones.

[0075] In the same example, lower layer 2020 was formed by first obtaining the dry
film photoresist, which comes as a roll of light blue plastic protected on both sides by a
clear plastic sheet (Riston®, from Dupont). The photoresist was pattered by exposing it
to UV light through a mask (printed on a transparency); removing the plastic sheet from
one side; and washing away unexposed photoresist with an aqueous solution of about
0.85 wt% Na,COs. The patterned photoresist was then sprayed for about 1 second with
3M Spray Mount™ adhesive, aligned to the lower layer 2010 by hand, and the two layers
were laminated together at about 100°C. An airbrush was used to apply an approximately
7 wt% solution of polyethylenimine (MW = 20,000) in ethanol to the top of the device
until the device appeared slightly wet. The coating was then dried by blowing on the
device with a stream of nitrogen. The coating of polyethylenimine increased the

hydrophilicity of the spokes in the dry film photoresist.

[0076] Figs. 21A-21F are images of a bioassay device fabricated using the example
procedure described above, at different times during exposure to colored water. Fig. 21A
is an image of the top side of the device before exposure to the water. Fig. 21B is an
image of the top side of the device obtained immediately after depositing about 5 pL of
the water on one of the narrow apertures in sample collection channel 2020 of upper

layer 2020. Fig. 21C is an image of the top side of the device at a later time, and shows
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that the colored water travels along the narrow aperture upon which it is deposited, into
the central aperture of sample collection channel 2020’ and into the central sample

absorption area of test zone 2010’ of lower layer 2010.

[0077] Figs. 21D-21F are sequential images of the bottom side of the device taken at
different times after the colored water reaches the central sample absorption area of test
zone 2010°. Fig. 21D shows the colored water after it has flowed from the central sample
absorption area of test zone 2010” into the channels radiating from the central area. Fig.
21E shows the colored water after it has partially flowed from these channels into the
assay regions. Fig. 21F shows the colored water after it has substantially completely
filled the central sample absorption region, channels, and assay regions of test zone
2010°. In this embodiment, about 5§ pL of water was sufficient to completely fill the test
zone 2010°.

[0078] Because the porous media can be used to filter particles, they can also be used
to perform diagnostics on whole blood samples. The presence of red blood cells typically
complicates conventional diagnostics, for example requiring centrifugation or
coagulation. In some embodiments the devices described herein, the porous medium can
be selected so as to filter away the red blood cells, and allow free flow of the fluid
components of the blood into the channel; alternately, the paper may be additionally
treated to enhance binding to the red blood cells and prevent them from blocking the
channel. In general, the porosity of the paper will determine the size of particles that may
be transported through the paper. For example, proteins and small molecules can
typically move readily through the paper, while particles on the order of the pore size can

be filtered out.

[0079] While colorimetric tests are generally helpful in providing visual indicators of
the presence or absence of analytes, lateral flow devices can also be used as a platform for
quantitatively measuring the levels of analytes in biological liquids, e.g., urine. The
ability to quantify multiple analytes simultaneously using inexpensive and portable
bioassays can potentially be useful for identifying and monitoring disease in home health-
care settings, in emergency situations, and in less-industrialized countries, as well as in

laboratory and hospital settings.
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[0080] In some embodiments, to obtain quantitative data, the bioassay device is
imaged after exposure to liquid and after colorimetric results develop, e.g., using a
desktop scanner, a portable scanner (such as a business card scanner), a digital camera, or
a camera phone. Scanners are useful for recording the results of bioassays because they
are relatively inexpensive, they have high resolution, the scanned image is typically in
focus, and the intensity of the image is typically unaffected by lighting conditions.

Digital cameras are portable and increasingly affordable, lightweight, and powerful,
althoughthe intensities of the recorded digital images may be affected by some lighting
conditions, and the ability to focus the camera reproducibly may in some circumstances

depend on the operator.

[0081] Camera phones typically have similar features as digital cameras, and also
allow the recorded image can be transmitted electronically through existing
communications infrastructure (e.g., cell phone channels) to an off-site laboratory, where
the data can be analyzed by a specialist. The specialist can then return the results of the

analysis (e.g., in real-time) to the person administering the test.

[0082] Some models of camera phones can focus automatically, and do not require an
additional lens in order to sufficiently focus on an object, e.g., a bioassay, while some
camera phones include cameras that cannot focus on objects that are too close to the
camera. Some embodiments include a lens placed in front of the camera, which can
enable the camera to take sufficiently focused images of objects relatively close to the
camera. Fig. 17A is an image of an exemplary lens 1710made from
poly(dimethylsiloxane) (PDMS), which can be reversibly sealed to the lens on a camera
phone. The lens 1710 was fabricated using a 10:1 mixture of PDMS base and curing
agent (Sylgard® 184 silicone elastomer kit), and bubbles removed from the mixture by
placing it under vacuum for 30 minutes. About 5 uL of PDMS was placed on the bottom
of a Petri dish 1720, and cured upside down for 2 hours at 60 °C to create a concave
PDMS lens. The PDMS lens 1710 was removed from the Petri dish 1720 with tweezers
and placed over the lens of the camera phone. The camera phone was focused on the
device by adjusting the distance between the camera phone to the device. In general, the
focal length of the lens can be adjusted by changing the radius of curvature of the PDMS
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lens, e.g., by curing the PDMS on a surface that is either more or less hydrophilic than a
Petri dish. A more hydrophilic surface will yield a lens with a larger radius of curvature,
and a larger focal length. A less hydrophilic surface will yield a lens with a smaller
radius of curvature. A lens with a smaller radius of curvature could also be obtained by
curing the PDMS right side up, instead up upside down. Any converging lens (e.g. plano-
convex lens, biconvex lens, Fresnel lens) with an appropriate focal length could be placed

in front of the camera phone to focus the image.

[0083] Fig. 17B is an image 1730 obtained by placing the lens 1710 over the lens of a
camera phone (Samsung Trace camera phone in automatic mode, 1.3 megapixels), and
holding the camera phone about 4 cm above an exemplary bioassay device. Fig. 17C is
an image 1740 of the same bioassay device taken with the same camera phone and the
same distance from the device as in Fig. 17B. The image 1730 is significantly clearer

than the image 1740, as a result of the PDMS lens.

[0084] In some embodiments, once results of an assay are converted to digital format,
the intensity of the color developed in each test zone is measured using, e.g.,
Adobe®Photoshop® or another image analysis program. The intensity of the color is then

compared with a calibration curve to calculate the concentration of the analyte.

[0085] Fig. 4 schematically illustrates an exemplary bioassay device 400 that includes
a central channel 410 that wicks a sample into the porous, hydrophilic medium (e.g.,
paper), and four side channels that direct the sample into four separate test areas 420, 421,
430, 431, each containing assay reagents. The design includes relatively narrow channels
(about 0.75 mm wide) to reduce the volume of sample required for each assay.

Generally, the larger the channel, the larger the volume of sample needed to run the assay.
The test areas 420, 421 are treated with the protein assay described above, and the test

areas 430, 431 are treated with the glucose assay described above.

[0086] Several features of this design make it suitable for use in home health-care or
remote settings, for example. The approximately 3 mm long central channel 410 filters
particulates from biological samples, similarly to the device described above, and the
flared lower section of the central channel 410 facilitates absorption of the sample. The
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entire exemplary device can fit on a 1.6 x 1.6 cm piece of paper, so the device is not only
small and portable, but also lightweight (~35 mg). The empty area above the test areas

420, 421, 430, 431 can be used for labeling and for manipulating the device.

[0087] In this illustrative example, there are also several design features specific to
the particular glucose and protein assays used. Liquids cause the reagents for the glucose
assay to move with the solvent front, while the liquids do not cause the reagents for the
protein assay to move. The design of Fig. 4 includes two types of test zones to
accommodate this differential behavior and to enhance the ability to quantify the assays.
For the glucose assay, diamond-like shapes are provided in test areas 430, 431 to
concentrate the reagents at the ends of the test areas. For the protein assay, rectangular-
like shapes are provided in test areas 420, 421 to provide a defined region for relatively
consistent analysis of the data. In general, four different bioassays could be performed
with this exemplary design, but here two assays are provided in duplicate on each device.
Additionally, in the embodiment of Fig. 4, the size of the channels and test zones were
configured and designed to be large enough to be visible by eye, but at the same time
small enough to limit the volume of fluid needed to run the assay to a tractable volume of

sample (e.g., about 5 uL), such as a tear, or a drop of urine.

[0088] In general, the shapes and sizes of the channels and/or assay regions can be
selected according to the type of liquid and/or analyte and/or detection method with
which the device is to be used. For example, if the device response to the analyte is to be
measured by imaging the device and analyzing the image with computer software, then
the channels and assay regions need not necessarily be visible to the human eye so long as
the imaging system can obtain a sufficient amount of information about the response to
the analyte to perform an analysis. Or, as in the example above, if the reagent moves with
the liquid applied to the device, then the assay regions can be shaped to capture and/or
concentrate the reagent. Or, as in the example above, if the reagent is relatively stationary
within the assay region, then the assay region can be shaped to provide an area which the

image analysis software can easily analyze.

[0089] Fig. 5 illustrates an exemplary procedure 500 for quantifying the levels of

glucose and protein in urine. First, the bioassay device is exposed to the liquid 510, e.g.,
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dipped into about 5.0 pL of an artificial urine sample solution with a known concentration
of glucose and protein (bovine serum albumin, BSA). In one example, the solution and

dipping procedure were the same as described above.

[0090] The exposed bioassay device is then imaged 520. In one example, thirty
minutes after beginning the assay, the device was photographed using either a Nikon D50
digital SLR camera in manual mode with flash (6.1 Megapixels); a Sony Ericsson W660i
camera phone in automatic mode with no flash (2.0 Megapixels with autofocus); or a
Samsung Trace camera phone in automatic mode (1.3 Megapixels) with a PDMS lens.
The device also was scanned using an Epson Perfection 1640SU scanner on default
settings (color photo, 600 dpi); and a Docketport 465 sheetfed portable scanner on default
settings (color, 600 dpi). These examples are nonlimiting, and other imaging devices can

be used.

[0091] The image is then optionally converted to 8-bit grayscale 530 or converted to a
color format such as CMYK 530°, e.g., using Adobe®Photoshop®. Then, the test regions
in the image are selected 540. In one example, the test regions were selected with the
mouse using a rectangular marquee tool for the protein assay and a polygonal lasso tool
for the glucose assay. For the protein assay, the entire test area was selected with a
rectangle that was 2.5 x 1.5 mm wide. For the glucose assay, the triangle at the tip of the

pattern was selected.

[0092] Next, the arithmetic mean of pixel intensity within each test area was used to
quantify the colorimetric response 550. These mean intensities were subtracted from the
mean intensities for devices with spotted reagents, but that were not exposed to the
sample. Note that some or all of the analysis steps can be automated. For example,
software running on the computer can be used to automatically select regions of the
image to be subsequently analyzed. Or, for example, the entire analysis of the image can
be automated, i.e., a computer program can automatically select the regions of the image,
measure the mean pixel intensity, and convert the pixel intensity to a concentration using

the equations derived from the concentration curves.
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[0093] Fig. 6 illustrates signals obtained for different concentrations of glucose and
protein in artificial urine according to some embodiments of the invention.
Concentrations of glucose between 0 and 20 mM were measured. The protein assay was
run using concentrations of BSA between 0 and 60 uM, and is shown in the graph at the
bottom of the figure. The graphs contain data obtained using a desktop scanner (squares),
a portable scanner (open squares), a digital camera (circles), and a camera phone with
automatic focus (open circles); the inset shows the linear region of the data in greater
detail. Each data point is the mean of twelve assays; error bars represent the relative
standard deviations of these measurements. The linear region of the data was fit with a
line; the slope (m), intercept (b), and R? value for each line are as follows: glucose
(desktop scanner) (m = 16.6, b =-1.54, R*= 0.991), glucose (portable scanner) (m = 18.0,
b=2.95 R*=0.986), glucose (digital camera) (m = 8.96, b=-2.12, R?= 0.983), glucose
(camera phone) (m = 6.17, b =0.186, R*= 0.986), protein (desktop scanner) (m = 1.16, b
= 12.8, R®= 0.982), protein (portable scanner) (m = 1.07, b = 14.0, R*= 0.954), protein
(digital camera) (m = 0.771, b= 14.5, R*= 0.980) , protein (camera phone) (m = 0.379, b
=17.0, R*= 0.950).

[0094] As Fig. 6 illustrates, the signal obtained from the exemplary glucose and
protein assays correlate approximately linearly with the concentration of analyte. The data
points and error bars shown in this figure are the mean and standard deviation values,
respectively, from at least twelve measurements per concentration of analyte. Linear
least-squares fitting of each set of data gives coefficients of determination (R?) of 0.95-
0.99. The responses are approximately linear between 0 and 5 mM glucose and between
5 and 60 pM BSA, but deviate from linearity by leveling off at higher concentrations of
analytes. The range of concentrations of glucose measured by using either the scanner or
camera does not span the entire range of concentrations of glucose detected in urine
clinically (1-56 mM). However, even levels of glucose in urine above 0.8 mM are
indicative of disease, so it can be useful to detect low levels of glucose. The linear range
of the glucose assay (0-5 mM) can allow for the quantitative measurement of low
concentrations of glucose in urine. The linear range for the detection of protein is also

appropriate for clinical use. The assay appears to be sufficiently sensitive to distinguish

between glomerular disease ([protein] > 35 uM), renal tubular diseases (10 uM <
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[protein] < 20 uM) and microalbuminia (0.3 pM < [protein] < 2 uM). Note that it may be
possible to detect other concentrations of glucose and protein quantitatively by changing
the concentrations of reagents or by shortening the central channel of the pattern to limit

the distance between the test wells and the bottom of the device.

[0095] Fig. 6 also illustrates that the intensity of the signal was consistently smaller
for the digital camera and camera phone than the desktop scanner and portable scanner
with the particular lighting conditions, but the similarities between coefficients of
determination and the consistent relationship between the slopes for the glucose and
protein data suggests that high-quality digital cameras are nearly as effective as scanners
for acquiring quantitative data. For example, calibration curves from the scanner and the
camera were compared to quantify the levels of BSA and glucose in a test sample of
artificial urine. A sample containing 4.5 mM glucose and 45 pM BSA was assayed
twelve times, yielding results of 4.3 = 0.4 mM glucose and 46 + 5 uM BSA (using the
scanner calibration curve) and 4.5 = 0.8 mM glucose and 48 = 6 mM BSA (using the

camera calibration curve). Thus both techniques yield statistically comparable results.

[0096] In an exemplary procedure, because the data from the digital camera and
camera phones is dependent to some extent on lighting conditions, each set of data was
calibrated by running an artificial urine sample of known concentration. The intensity of
signal for this known sample, was compared with the value expected from the curve
shown in Fig. 6 to obtain a response factor that was used to adjust the experimental data

to fit the calibration curve.

[0097] In general, image analysis protocols such as the exemplary protocol above can
be used to analyze a variety of bioassay devices, and are not limited to the described
embodiment. Any device that responds to the presence of an analyte in a way that can be
digitally imaged can be analyzed using adaptations of the above-described procedure.

For example, other designs of lateral bioassay devices, flow-through bioassay devices,

and three-dimensional bioassay devices can also be analyzed.

[0098] As noted above, the performance of the bioassay devices are not significantly

impacted by the presence of particulate contaminants. Table 1 shows results
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summarizing the quantitative analysis of exemplary artificial urine samples (4.5 mM
glucose and 50 uM BSA) contaminated with either dirt, saw dust, or plant pollen. Each
contaminant was measured six times using both the digital camera and the scanner; the
digital signals were converted to concentrations using the calibration lines shown in Fig.
6. In each case, the contaminants had little effect on the concentrations of glucose (error
< 6%), and only plant pollen affected the concentration of protein (error < 13%). This
was a result from some protein from the flower that dissolved in the sample and caused an

increased response.

Table 1. Quantitative results for assays using contaminated solutions of slucose (4.5
mM) and BSA (45 uM). The devices were scanned using the desktop scanner, and
the concentrations were calculated using the calibration curves for the desktop

scanner

Glucose BSA
Contaminant Observed Conc. (mM) Observed Conc. (uM)
Dirt 4404 47+9
Sawdust 43+03 4145
Pollen 4.5+0.6 86 + 4°
* About 34 & 10 uM protein were independently measured in a 0 uM BSA sample contaminated with
pollen.

[0099] As noted above, at least some control over the volume of sample that is
analyzed is typically needed in order to make a quantitative measurement. However, in
some environments, e.g., remote locations, a micro-pipette capable of dispensing 5 pl of
sample may not available. Since the combined surface area of the channels and test zones
on bioassay devices is constant in many embodiments, analytes may be obtained
quantitatively by dipping the device into an unknown volume of sample, and by removing
the device as soon as the sample had filled the test zones. Table 2 shows the results of
measurements of three different concentrations of glucose and protein using a method in
which approximately 20 pL of artificial urine was transferred to a Petri dish, the bottom
of the device was dipped into the sample, and the device was removed from the sample as
soon as the sample had filled the four test zones. The device was laid flat on a paper
towel and after 30 min, the device was imaged as described above. The error in the
measurements using this method are somewhat larger than those using fixed volumes of

sample, but the levels of analytes can still be detected quantitatively.
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Table 2. Quantitative detection of samples containing glucose (2.5. 3.5, and 4.5 mM)
and protein (25, 35, and 45 uM). The values are the average and standard
deviations of twelve measurements.

[Glucose], mM [BSA], uM

Known Concentration Known Concentration

2.5 3.5 4.5 25 35 45
Detection Method Observed Concentration Observed Concentration
Desktop Scanner 25+04 35+£06 43+£04 274  38+6 46+5
Portable Scanner 26+05 34+06 47+04 28+ 6 38+5 4544
Digital Camera 24+04 38+0.5 45+0.8 26+ 6 37+8 48+£6

Camera Phone

: 23+£05 39x07 45+£0.7 277 368 44x7
(with auto focus)

Camera Phone

(with PDMS lens)’ 2606 32+£0.7 48+0.5 266 348 45%7

* The calibration curve from the camera phone with automatic focus was used to quantify
these results.

[0100] The combination of patterned paper and a scanner or digital camera detector
offers several advantages for quantitative detection of disease in home health-care
settings or by first responders. This embodiment has been found to give accurate and
quantitative results when detecting glucose and protein in urine (error < 15%). These
results also demonstrate that this inexpensive, simple, and portable paper-based
technology is sufficiently quantitative in test systems that it can be useful in a medically

relevant context.

[0101} In some exemplary devices, the results for the glucose assay were observed to
become less sensitive over time after spotting the reagents onto the device (when the
device was stored at room temperature). An analytical device that would be useful in

remote locations would desirably include reagents that remained stable for at least several
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days, and preferably for several weeks. In order to enhance the stability of the reagents
for the glucose assay, trehalose, a disaccharide known for its ability to stabilize proteins
in their active form in other applications, can be added. Fig. 7 illustrates that in some
exemplary embodiments where trehalose was spotted onto paper (before the enzymes are
added), no loss in enzymatic activity was observed over a period of two weeks (even
when the devices are stored at room temperature), whereas in some exemplary
embodiments prepared without trehalose, the glucose assay decreases linearly over time.
Specifically, in the presence of trehalose, the intensity of signal for the glucose assay
(when detecting 4.5 mM glucose in artificial urine) was approximately constant for about
30 days when devices were spotted with reagents and then stored at room temperature.
The values on the graph are the average of six measurements, and the error bars represent
the standard deviations from these averages. The protein assay can be stored at room
temperature for over 2 months without loss of signal (data not shown). It will be
appreciated that trehalose is not necessary to provide functional devices, and also that

many other treatments can be used to enhance the stability of the assays.

[0102] Although the porous media of the above-described embodiments include
different regions that are derivatized for detecting glucose and protein, in general the
medium can be suitably derivatized for measuring many other analytes as well, and can
be used in a variety of applications for which the availability of a simple, inexpensive test

is useful.

[0103] For example, in some embodiments, the bioassay devices are used to perform
urine analysis for infants, e.g., premature infants. Obtaining a sufficient amount of urine
from an infant, particularly a premature infant, is difficult with conventional technology.
The conventional technique is to put a cotton ball in the infant’s diaper at the appropriate
place, open the diaper 3 hours later, remove the cotton ball, and squeeze as much urine as
possible (typically only fraction of a drop) onto an adult-sized urinalysis dipstick. This
method results in a variety of problems, including that the specimen has typically at least
partially evaporated, which affects the concentration of the analytes, as well as the

specific gravity (and thus mobility) of the solution. Additionally, the analytes may have
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oxidized, which can affect the results of the protein, glucose, pH and/or other

measurements.

[0104] In contrast, embodiments of the present invention provide devices that can be
readily used to capture and analyze urine samples from infants, e.g., premature infants. In
one embodiment, a lateral flow bioassay device, prepared for the desired assays, is
positioned at a proper place in the diaper, and includes a paper channel that leads to the
external surface of the diaper. When the infant urinates, urine flows through the device
and the paper channel and displays external colorimetric indicators that can be read by a
nurse, technician, or doctor. Such a device can be readily included in diapers because of
its low cost. Moreover, reading the device does not require handling the infant, because
the colors/assays occur on the outer surface of the diaper. This aspect can be particularly
useful for premature infants, because handling can cause problems with their breathing,
temperature, and/or stress levels, for example. Additionally, the result is available
immediately after urination; this results both in a lack of need to wait to perform the test
until a scheduled diaper change (typically every 3 hrs), and reduces the potential sample
degradation that can occur with conventional assays. In some embodiments, the visual
indicators are made particularly bright in order to indicate that the urine has been

analyzed, so that the result can be quickly read.

[0105] A variety of assays can be incorporated into the diaper-based devices. For
example, the glucose and/or protein tests described above can be included. In some
embodiments, the vascular endothelial growth factor (VEGF) levels in the urine of
infants, e.g., premature infants, can be monitored. VEGF levels are an indicator of the
development of retinal disease. A conventional method of diagnosing retinal disease in
premature infants is weekly or biweekly 15 minute examinations by an infant-retinal
ophthalmologist, which is both expensive and disruptive to the infant. Detecting VEGF
and other growth factors (such as IGF-1, or insulin-like growth factor 1) in urine can be
useful for diagnosing retinopathy of prematurity, diabetes, cancer, and transplantation, as
disclosed in S.K. Smith, Hum. Reprod. Update 1998, 4, 509-519, the entire contents of

which are incorporated herein by reference. Detection of VEGF and other growth factors
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could be done in patterned-paper technology in the same way that pregnancy strip tests

detect beta-HCQG in the urine.

[0106] In other embodiments, the devices can be used to perform urine analysis of
animals, e.g., laboratory animals, or pets taken to a veterinarian. Conventionally,
animals are squeezed and/or tickled until they urinate; the urine is collected and then
deposited onto adult human urinalysis dipsticks. In contrast, the lateral flow bioassays
can be formed as relatively small paper "shreds” and scattered on the floor of the cage, on
which the animal can urinate. Such colorimetric tests can be useful for measuring protein
and glucose in lab animals where early diagnosis of diabetes or kidney disease is useful.
In a veterinary setting, the determination of diabetes in obese cats and dogs is a useful test

that can be difficult to do conventionally.

[0107] In other embodiments, the lateral flow bioassays can be used to analyze
cerebrospinal fluid (CSF), for example to determine whether a patient has meningitis.
Generally, diagnosis of meningitis includes a culture of CSF, a cell count to determine
how many white blood cells are in the CSF, and measurement of the protein and glucose
levels of the CSF. These three factors can be useful in determining the etiology of viral
versus bacterial/parasitic/fungal meningitis. CSF is typically not available in large
quantities (few mL), especially in children. Moreover, priority is given to the
requirements of culturing CSF, leaving little or no sample for chemistry assays (glucose,
protein). While conventional chemistry analyzers can perform glucose/protein
measurements on specimens of a few pL, such tests are expensive and are typically
unavailable in undeveloped countries. In contrast, the lateral-flow devices can
inexpensively and rapidly provide a semi-quantitative readout of protein and glucose
from CSF. For example, an application for resource-poor tropical settings could allow
differentiation of cerebral malaria from viral meningitis by screening protein and glucose
levels in the CSF. These disorders require drastically different treatments, and proper
differentiation could spare patients from unnecessary medications and their not-

inconsequential side effects.

[0108] In some embodiments, the devices can be used for breast milk analysis, e.g., to

determine protein, fat, and glucose levels in the breast milk, which can help breast-

34

USIDOCS 6408445v1



WO 2008/049083 PCT/US2007/081848

Date of Deposit: October 18, 2007
Agent File Ref. No. 42697.167TWO1

feeding mothers adjust their feeds/pumpings to capture adequate calories. This issue is
particularly important to prematurely born babies, where nutrition is critical to catch-up

growth,

[0109] In other embodiments, the devices can be used in tissue engineering
applications, for example in the generation of small "tissues" of liver, pancreas, islet cells,
and other exocrine/endocrine organs for the purposes of replacement therapy. Monitoring
the output of these small numbers of cells, e.g., measuring albumin output from small
cultures of hepatocytes, can be difficult. Catalytic chemistries, such as ELISA, can be
incorporated into the devices in order to make measurements of relatively small
specimens. ELISA-type assays can be in the form of lateral flow or flow-through
devices, where enzyme-labeled antibodies, for example, can be deposited into a region on
the device, and then solvated by the biological fluid as it wicks through a device. The
labeled antibody can bind to an antigen in the sample, and this complex further bind to an
antibody that is attached (covalently) or adhered (non-covalently) to the substrate.
Substrates for the enzyme attached to the antibody could be provided through a separate
channel in the device, or by manual addition of reagents after the biological fluid has

passed through the device.

[0110] In still other embodiments, the devices can be used in ophthalmology, e.g., in
analyzing components in the vitreous fluid (the contents of the eye) or in tear films. Such
analysis can be useful in diagnosing a variety of conditions (e.g., infections, tumors,
trauma, response to systemic inflammation like rheumatoid arthritis). Eye fluids can be

quickly analyzed, e.g., to determine the levels of antibodies and/or cytokines.

[0111] In other embodiments, the devices can be used to measure components in
broncheoalveolar lavage fluid to diagnose, e.g., aspiration from gastroesophageal reflux

of stomach contents.

[0112] In general, the devices are suitable for detecting biochemical markers of
metabolism, stress, and disease in plants, animals, and humans. The devices also can be
used to detect pollution and other analytes in water and soil, and are suitable for detecting
analytes in other fluids like: cosmetics, oils, fuels, and others.
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Flow-through Bioassay Devices

[0113] While some embodiments generally operate by lateral flow of the liquid
sample in the porous medium in channels defined by the hydrophobic barriers, in some
embodiments the sample flows through multiple layers of hydrophilic media, i.e., in a
“flow-through” configuration. In flow-through devices, hydrophobic barriers laterally
contain the liquid as it flows transversely from one layer into another. The different
layers of porous media can be treated, or left untreated, as appropriate for a given

application.

[0114] Fig. 8A is a schematic illustration, in perspective view, of a flow-through
device 800 according to some embodiments of the invention. The device includes upper
and lower protective coatings 810, 850, an optional filter 820, and porous media 830, 840.
Upper and lower protective coatings 810, 850 hold the other layers of the device adjacent
to one another, provide the device with additional strength and stability, reduce
evaporation from the device, and protect the other layers from external contamination.
Upper protective coating 810 includes an aperture 815 through which a liquid sample can
be deposited onto the lower layers. Upper and lower protective layers can be, e.g.,
polymer coatings. One example of a useful protective coating is commercially available
adhesive tape, which is inexpensive and which will readily bind the surfaces of layers that

it contacts. Laminates are also useful.

[0115] Filter 820, e.g., glass fiber filter or other commercially available filter, can
optionally be included when it is likely that filtering the sample will be necessary, for
example if the presence of dust or other contaminants are expected, or if the device will
be used with whole blood samples and removal of red blood cells is desired. Porous
medium 830, e.g., cellulosic paper, includes one or more patterned hydrophobic barriers
that define regions 835 in which reagents can be spotted or otherwise applied. Porous
medium 840, e.g., cellulosic paper, likewise includes one or more hydrophobic barriers
that define regions 845 in which other reagents can be spotted or otherwise applied. In
some embodiments, the reagents in regions 835 react with an analyte in a sample to
produce an intermediate reagent. These intermediate reagents pass with the excess fluid

into regions 845, where they react with a second set of reagents previously absorbed into
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region 845. In some embodiments, this second reaction gives a colorful product. The
layered structure inhibits contact between reagents in regions 835 and 845 until the

analyte is present.

[0116] Fig. 8B is a schematic illustration, in perspective view, of a flow-through
device 800’ according to some embodiments of the invention. The device is similar to the
device shown in Fig. 8A, and includes upper and lower protective coatings 810°, 850°, an
optional filter 820°, and porous media 830°, 840’ which can be substantially the same as
those described above. The device 800” further includes an absorbent medium 860’ that
acts as a pump to draw liquid through layers 820°, 830°, and 840’ of the device. In some
embodiments, the reagents in regions 835’ are antigens, which can be used to detect
antibodies in a biological sample. In other embodiments, the reagents are antibodies for
detecting antigens; in further embodiments they are nucleic acids, aptamers, molecularly-
imprinted polymers, or other chemical receptors formulated to bind antigens, e.g., nucleic
acids, proteins, small organic molecules, or inorganic ions. The reagents in region 845’
can be adhered to layer 840, either covalently (e.g., using chemistry described

previously) or non-covalently (e.g., through non-specific adsorption).

[0117] An exemplary assay performed using device 800’ involves addition of a
biological fluid to filter 820; the fluid is distributed into the filter and excess fluid passes
through the filter and is distributed into regions of layer 830°. Excess fluid dissolves
reagents, e.g., labeled secondary antibodies, that were deposited into layer 830°, and
carries them to layer 840°. The analyte in the fluid, e.g., an antibody, binds to the
receptors attached to regions 8457, and the labeled reagents from regions 835’ bind to the
analyte. Excess fluid and reagents are carried into layer 860°, which is hydrophilic and
serves as a region for collecting excess fluid and reagents. Optionally, a drop of water,
buffer, or other wash fluid can be added to filter 820° to wash excess reagents through the
device into layer 860°; this washing step can remove non-specifically bound labels and
reduce background signal. This device is suitable for, ¢.g., immunoassays, of which one
assay may be, but is not limited to, an ELISA assay. An exemplary ELISA assay would
include an enzyme-labeled secondary antibody, e.g., labeled with horseradish peroxidase,

in region 835°. Addition of reagent, e.g., iodide, to region 845’ after completion of an
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assay can lead to amplification of the signal for the assay, e.g., by horseradish peroxidase

catalyzing the conversion of iodide to iodine, giving a brown color.

[0118] Note that not all of the layers need be included in all embodiments. For
example, in some embodiments only a single layer of porous medium, e.g., medium 830
in Fig. 8A, is needed to perform a bioassay on a sample of interest. Other embodiments
may include more or different layers than those illustrated in Figs. 8A and 8B. Also,
multiple devices can be provided in a given unit (e.g., on a single piece of porous
medium) which can readily allow multiple diagnostic tests to be run in parallel or in
sequence. As described in greater detail below, each of the devices may itself be
multiplexed, thus allowing many different kinds of measurements to be performed at

once.

[0119] Figs. 9A and 9B illustrate front and back views, respectively, of an exemplary
vertical-flow device 900 according to some embodiments. As can be seen in Fig. 9A, the
device includes protective upper layer 910, e.g., adhesive tape, filter 920, and porous
medium 930, e.g., filter paper. The protective upper layer 910 includes an aperture
similar to that shown in Fig. 8 A, which provides an area where the liquid sample can be
deposited onto filter 920, e.g., glass fiber filter. Protective upper layer 910 also optionally
includes a “tab” that extends past the edge of porous medium 930, and allows for easy
handling of the device. Porous medium 930 includes a hydrophobic barrier that defines
regions (not visible in this image) through which the sample can flow after being applied

to filter 920.

[0120] Fig. 9B shows a back view of device 900. The device includes protective
lower layer 950 and regions 935 for sample analysis, which are defined by the
hydrophobic barrier in porous medium 930. In the illustrated embodiment, there are four
regions 935 that are each treated to provide a different assay; however in general other
shapes and numbers of regions, and other configurations are possible. In contrast to the
lateral flow devices described above, here the assay regions are separated from one
another by the hydrophobic barrier. However, some embodiments include assay regions
that are in fluidic communication with each other. Such embodiments may operate as

combination lateral and flow-through devices.
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[0121] Fig. 10 illustrates an exemplary procedure for assembling the lateral flow
device of Figs. 9A-9B. First, the bioassay layer and filter are prepared 1010. In one
example, the bioassay layer is a porous medium having patterned barriers and assays
spotted in regions defined by the barriers, e.g., as described above, and the filter is a 9-
mm diameter piece of glass fiber filter paper (Whatman GF/C) prepared using a hole
punch. The filter is aligned over the bioassay layer 1020. The protective layer, e.g.,
adhesive, is provided 1030. In one example, a 7-mm diameter hole is punched out of
clear adhesive tape (e.g., Scotch tape)) (7 x 1.9 cm) ~7 mm from one end of the tape. The
filter is then adhered to the bioassay layer 1040 using the adhesive. The adhesive is then
folded a series of times 1050 to secure the filter to the bioassay layer, with the hole in the
adhesive placed over the glass fiber filter, and the excess length of the tape wrapped

around the bioassay layer to seal the device.

[0122] In one example, the device as fabricated is relatively lightweight (about 50
mg) and small (about 36 x 18 x 0.3 mm), but is large enough to be manipulated by hand.
The device was designed to perform four assays that yield indicators of liver function, by

treating the four regions 935 with different assays.

[0123] A first region 935 of the fabricated device was treated to detect alanine
aminotransferase (ALT) using a method modified from the procedure reported in US
Patent No. 5,279,944, the entire contents of which are incorporated herein by reference.
The assay relies on the formation of pyruvic acid (catalyzed by ALT) in the presence L-
alanine and alpha-ketoglutaric acid. The pyruvic acid subsequently reacts with pyruvic
oxidase to produce hydrogen peroxide. The hydrogen peroxide reacts with horseradish
peroxidase in the presence of 4-aminoantipyridine and sodium dimethylaminobenozoic
acid to give the 4-N (1-imino-3-carboxy-5-N,N dimethylamino-1,2-cycloexandion)

antipyrine sodium salt; the assay turns a red/purple color when ALT is present.

[0124] An ALT assay on paper is prepared, in one exemplary embodiment, by

spotting the following solutions into the assay well in the order listed, followed by 10 min

of drying between each solution: 1) A 0.3 uL of a 0.3 M trehalose solution in Millipore

water; 2) A 0.3 pL solution containing L-alanine (1 M), a-ketoglutaric acid (30 mM),

KH>PO4 (2 mM), MgCl,*6H,0 (20 mM), and thiamine pyrophosphate (TPP) (2 mM) in
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200 mM Tris-HCI buffer (pH 7.35); 3) A 0.3 puL solution containing 4-aminoantipyridine
(2 mM) and sodium dimethylaminobenozoic acid (10 mM) in 200 mM Tris-HCl buffer
(pH 7.35); and 4) A 0.3 puL solution containing pyruvic oxidase (6 U/ml) and horseradish
peroxidase (6 U/ml) in 200 mM Tris-HCI buffer (pH 7.35). The calibration curves for
ALT were prepared by spotting 0.5 pL solutions of ALT in 50 mM sodium phosphate
buffer (pH 8.0) containing 150 mM NaCl into the test areas.

[0125] A second region 935 of the fabricated device was treated to detect levels of
proteins in plasma using a procedure modified from that reported in J. Clin. Lab. Anal.
1999, 13, 180 and in Angew. Chem. Int. Ed. 2007, 46, 1318. Specifically, 0.3 uL of a
250-mM citrate buffer solution (pH 1.8) was spotted in the test area, followed by 10 min
of drying, and then 0.3 pL of a 4.5-mM tetrabromophenol blue (TBPB) solution in
ethanol was added; the paper was dried again for 10 min. The calibration curves were
prepared by spotting 0.5 pL solutions of BSA (ranging in concentration from 0.1-2 mM)
in 50 mM sodium phosphate buffer (pH 8.0) containing 150 mM NaCl into the test areas.

[0126] A third region 935 of the fabricated device was treated to detect levels of
alkaline phosphatase (ALP) in plasma were measured using an assay modified from that
described in “Rapid and Sensitive Colorimetric Method for Visualizing Biotin-Labeled
DNA Probes Hybridized to DNA or RNA Immobilized on Nitrocellulose: Bio-Blots,”
Leary, J. J.; Brigati, D. J,; Ward, D. C., PNAS, Vol. 80, No. 13, 1983, pp. 4045-4049, the
entire contents of which are incorporated herein by reference. Specifically, 0.3 pL of 500
mM Tris buffer (pH 9.5) was spotted into a paper test area, the area allowed to dry for 10
min, then 0.3 uL of 2.5% nitro blue tetrazolium in 70% dimethylformamide was spotted,
followed by 10 min of drying and 0.3 pL of 5% 5-bromo-4-chloro-3-indolyl phosphate in
100% DMF. The test area was allowed to dry for 30 min. The calibration curves were
prepared by spotting 0.5 puL solutions of alkaline phosphatase in 500 mM Tris buffer (pH

9.5) into the test areas.

[0127] A fourth region 935 of the fabricated device was treated to detect levels of
aspartate aminotransferase (AST) in plasma, using a procedure modified from that
reported in US 5,834,226, the entire contents of which are incorporated herein by
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reference. Specifically, after the back of the test substrate was covered in tape to
minimize evaporation, 2.0 uL of a 5 % w/v trehalose solution in Millipore water was
spotted into the test areas. After drying for 10 min, 2.0 pL of a solution containing 1.0 M
L-cysteinesulfinic acid and 0.1 M mono sodium 2-ketoglutarate in 200 mM TRIS buffer
(pH 8.0) containing 0.0237 M NaCl, and 4.5 mM EDTA disodium salt, was spotted into
the test areas. After drying another 10 min, 2.0 pL of a dye solution (containing 0.25 g
polyvinylalcohol, 7.5 mg methy! green, 7.5 mg rhodamine B, 2.8 mg ZnCl, in 25.0 mL of
deionized water) and 0.06% Triton X-100 was spotted into the test areas. The calibration
curves were prepared by spotting 2.0 puL solutions of aspartate aminotransferase (in
concentrations ranging from 0.05 U/mL to 2.50 U/mL) in 50 mM sodium phosphate
buffer (pH 8.0) containing 150 mM NacCl into the test areas.

[0128] In some embodiments, the device is exposed to a drop of blood that is
obtained by piercing a finger using a lancet, where the blood is added to the device by
holding the device between the pierced finger and the thumb (so that the drop of blood is
aligned on the filter). The device is held without pressure for about 60 seconds, then
squeezed gently for about 10 seconds. After about 70 seconds the device no longer needs
to be held; the results of the assays, however, are not analyzed until after 30 min. The
results of the assays are observed by peeling away the protective casing (i.e., the tape)
from the patterned paper (this process also removes the glass fiber filter). The results of
the assays can be visualized qualitatively by comparison with color charts, or they can be
quantified by digitizing and analyzing the results, e.g., as described in greater detail

above,

[0129] Because any desired pattern can be defined in the porous medium, a wide
range of applications beyond bioassays may be envisioned. For example, the porous
medium, e.g., paper, can be patterned into channels, and electrophoresis subsequently
performed on samples in those channels by applying an electric field. Although the use
of paper in electrophoresis is well known and understood, the path length of the sample,
and thus the degree of separation between charged particles in the sample, has
conventionally been limited to the length of the paper used. Here, because the paper can
be arbitrarily patterned, channels can be fabricated with a “zig-zag” or other pattern that

4]
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increases the path length of the channel relative to the length of the paper. Moreover,
patterning allows the channels to be significantly narrower than in conventionally paper-

based electrophoresis, so much smaller sample sizes can be used.

[0130] In some embodiments, layers of patterned porous, hydrophilic media (e.g.,
paper) and layers of insulating material (e.g., double sided tape) are stacked in alternate
order to produce three dimensional microfluidic devices. Three dimensional microfluidic
devices can wick fluids laterally, within a layer of patterned paper, or vertically, between
two layers of patterned paper. The layers of insulating material ensure that the fluids in
different layers of patterned paper cannot mix with each other. Apertures can be provided
in the layers of insulating material wherever fluids need to flow vertically between the
two layers of patterned paper. Three dimensional microfluidic devices can enable two
different channels to cross each other without coming into direct physical contact; this is a
feature that is not possible in single layer lateral flow devices. Three dimensional devices
are also useful for distributing samples into a large number of wells in any desired
pattern. Three dimensional devices are useful in applications where a large number of
samples are to be processed or analyzed, because samples can flow in the vertical
direction, and each layer of the device can be used for sample processing or analysis.
Because the layers of paper and tape are thin (~100-200 pm per layer), it is possible to
stack several layers of paper and tape, without significantly changing the size of the

device.

[0131] Fig. 18 A schematically illustrates a perspective view of one embodiment of a
three-dimensional microfluidic device 1800, which includes two layers of patterned paper
1810 and 1830, and one layer of insulating material 1820, e.g., double sided tape, with
apertures. The three layers 1810, 1820, 1830 are aligned and bonded to each other.
Figure 18B shows device of Fig. 18A wicking aqueous dyes of two different colors (one
of which appears lighter than the other, in the grayscale image). The device allows the
separate channels, through which the dyes are flowing, to cross each other without any

mixing taking place between the two fluids.

[0132] Fig. 19 schematically illustrates a perspective view of another embodiment of

a three-dimensional microfluidic device 1900, which is a sample distribution device
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designed to distribute two samples into sixteen test zones in a particular pattern. Device
1900 includes four layers of patterned paper 1910 and three layers of insulating material
1920. The top layer 1911 of the device includes two inlets for the two samples and the
bottom layer 1914 of the device includes the sixteen test zones. The inner layers of the
device include a plurality channels that distribute the samples in the horizontal plane.
Fig. 19 schematically illustrates the flow of aqueous dyes of two different colors (one of
which appears lighter than the other in the grayscale image), after applying the liquids to
the two inlets on the top layer 1911 of the device, and allowing the dyes to run through
device into the sixteen test zones on the bottom layer 1914. With an appropriate
arrangement of channels in the inner layers of the device, any pattern of samples in the

{est zones can be obtained.

Methods of Providing Patterned Hydrophobic Barriers in Porous, Hyvdrophilic
Media

[0133] In some embodiments, as described in greater detail below, hydrophobic
barriers can be provided in porous, hydrophilic media using patterning methods that
require relatively little equipment, can be performed in nearly any laboratory, and are
versatile enough for making many types of patterns and multiple copies of each pattern.
Because of the relative ease of fabrication and the ready availability of inexpensive
components, bioassay devices can be formed with significantly lower cost than
conventional devices such as dipsticks, and thus can be useful, among other things, for
detecting disease in remote locations, where resources are limited, and where cost and

portability of the devices are useful.

[0134] As noted above, in order to fabricate microfluidic channels in porous,
hydrophilic media, such as, but not limited to paper, the patterned hydrophobic polymer
generally extends substantially through the entire thickness of the paper in order to
confine the liquid within desired areas. This constraint limits the methods that can be
used in practice for patterning paper. For example, printing methods using standard inks
may not be suitable for making channels in paper because currently available inks are

designed to adhere to the surface of paper, not to absorb into the paper. However, it can
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be envisioned that certain inks could be designed in order to absorb substantially through

the thickness of paper.

[0135] The composition of the porous medium, e.g., paper, may also limit the
patterning methods that can be used in practice. For example, paper typically includes
intertwined fibers that are oriented in the x- and y-axes of a sheet of paper and that are
stacked on top of one another in the z-direction. The result of this arrangement is the
increased spreading of liquids in the x-, y-plane compared to the z-direction, which leads
to blurring of the features that were patterned. Appropriate choices of monomers,
polymers, and solvents can be made to overcome these properties of paper, and to enable

the patterning of distinct features that pass through the entire thickness of paper.

[0136] Some useful methods for patterning paper are based on photolithography, and
can be implemented either in a cleanroom or in a laboratory. Cleanroom
photolithography works well for making highly defined patterns in paper, but is relatively
expensive and slow, possibly making its commercial viability somewhat limited. Other
methods, such as laboratory photolithography and soft lithography (also called micro-
contact printing), eliminate the need for a cleanroom, and have only modest requirements
for equipment and expertise on the part of the manufacturer, while still producing high-
quality devices. Laboratory photolithography is useful for making patterns, with well-
resolved channels and small feature sizes. Soft lithography is typically less expensive
than the photolithographic-based methods, and is useful for making multiple copies of the

same pattern relatively quickly.

[0137] For some applications, the feature sizes in paper microfluidic devices are
relatively large (e.g., with channels about 1-2 mm wide), so a lower resolution, but faster
stamping technique will be sufficient. For other applications, micron-sized features will
be used, and so an inexpensive, but higher-resolution method will be useful. For most
applications the devices will have features with sizes less than 1.5 mm. It should be
recognized however that a wide variety of channel shapes and sizes can be formed using
the systems and methods described herein. In both kinds of applications, it is desirable
that the patterning method be inexpensive, have high-throughput, and not require a highly

technically skilled user to manufacture.
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[0138] The discussion below describes three methods for patterning paper (cleanroom
lithography, bench-top lithography, and stamping), according to some embodiments of
the invention, and compares the quality of patterns produced using each method with the
cost of making them. These comparisons are made for several features that may be useful
in paper microfluidic devices, e.g., curves, right angles, T-junctions, and straight
channels. The widths of these features are also varied, both for the hydrophilic channels
and for the hydrophobic barriers. The resolution and uniformity of these features are
compared, as well as the ability of the patterns to control the spreading of water in paper.
The various examples are intended to be illustrative of some types of features that can be

produced using some methods, and are not to be construed as limiting the invention.

[0139] In some embodiments, hydrophobic patterns are generated using cleanroom
photolithography. Fig. 11 schematically illustrates steps in an exemplary method of
photolithographically patterning chromatographic paper with photoresist to create

hydrophobic barriers within the paper.

[0140] In the embodiment illustrated in Fig. 11, first a porous, hydrophilic medium
such as chromatography paper (e.g., about 7.5 cm in diameter and about 100 pm thick) is
provided 1110. The paper is selected to have a thickness and strength sufficient to
survive the lithographic steps, and also to be compatible with the subsequent intended

use.

[0141] Next, the paper is soaked in photoresist and prebaked 1120. In one example,
the paper is soaked in about 2 mL of SU-8 2010 photoresist for an amount of time
sufficient for the photoresist to soak through the paper, e.g., 30 seconds to 1 minute. In
some embodiments, the photoresist substantially permeates or impregnates the paper, so
that when defined portions of the photoresist are later removed, the parts that remain on
and in the paper form a substantially impermeable barrier to lateral fluid flow. Other
photoactive materials that are compatible with photolithography, such as photopolymers,
can also be used, so long as the material can be removed to define a pattern, without
damaging the paper. The photoresist-soaked paper is then optionally spun, e.g., at 2000

rpm for 30 seconds, to remove excess photoresist. Excess photoresist can be removed in
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other ways, e.g., by scraping or pressing. Next, the paper is baked, e.g., at 95 °C for 5

min, or air-dried e.g., to remove cyclopentanone in the SU-8 formula.

[0142] Next, the photoresist-soaked paper is aligned under a photo-mask and exposed
to UV light at a wavelength selected to cause the photoresist to react appropriately 1130.
In one example, a photo-mask obtained from CAD/Art Services, Inc. is aligned using a
mask aligner (OL-2 Mask Aligner, AB-M, Inc), and the paper exposed to ~405 nm UV
light (50 mW/cm®) through the mask for about 10 seconds. In another example, the

photo-mask is printed directly onto transparencies using an inkjet printer.

[0143] Next, the exposed paper is baked 1140, e.g., at 95 °C for 5 min, to cross-link

or otherwise appropriately treat the photoresist.

[0144] Next, the photoresist is developed and the resulting assembly is optionally
plasma oxidized 1150. In one example, the unpolymerized photoresist is removed by
soaking the exposed and post-baked paper in propylene glycol monomethyl ether acetate
(PGMEA) (5 min), and by washing the pattern with 2-propanol (3 x 10 mL). The
developing process leaves hydrophobic barriers formed of photoresist in the paper (or
other porous medium). In some circumstances, following the photolithographic process,
the paper has a higher hydrophobicity than it did before processing, possibly due to
residual resist bound to the paper. If appropriate to achieve a satisfactory level of
hydrophilicity in the paper for the intended application, the entire surface of the paper can
optionally be exposed to an oxygen plasma or other appropriate treatment to adjust the
hydrophilicity. In one example, the patterned paper is exposed to an oxygen plasma for
10 seconds at 600 torr (SPI Plasma-Prep II, Structure Probe, Inc). In embodiments where
the paper’s hydrophilicity is sufficient for the intended purpose after removing the
photoresist, this step need not be performed. In some embodiments, the photoresist and

processing thereof are selected to reduce or eliminate change in the hydrophilicity of the

paper.

[0145] The resulting patterned paper can then be cut from the wafer to form an

individual bioassay device 1160, and derivatized or otherwise modified for use in
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diagnostic assays by spotting reagents and drying 1170, as described in greater detail

above.

[0146] The mask through which the photoresist is exposed is patterned appropriately
for the desired application of the finished bioassay device. In some embodiments, the
mask is patterned to define hydrophobic channels having, e.g., approximately 1 mm
widths, and/or to define assay regions, e.g., between 1-10 assay regions or more, as
desired. In embodiments where the device is to be used in microarray applications, the
device may include more than 50, more than a hundred, or even several hundred assay
regions. In embodiments including both assay regions and channels, the assay regions
may be coextensive with the channel, or may branch from it. The patterned regions can
have different shapes to provide information to the user regarding the type of assay, as
appropriate. In general, because the paper or other porous, hydrophilic medium that
occupies the channel is capable of transporting fluid through the channels by capillary
action, the channels need not have a particular size or shape that is by itself capable of
inducing capillary action. The smaller the channels, however, the less sample will be

needed in order to make a satisfactory measurement.

[0147] Using the photolithographic methods described herein, channel widths of 100
um have been achieved. While the smallest feature size is theoretically limited by the
photolithographic resolution, some experimental parameters limit the size of the features
that can practically be formed with this method. For example, because the paper is
opaque and relatively thick, it typically requires a relatively long exposure time to expose
the photoresist all the way through the paper, which reduces the lithographic resolution
somewhat. Nonetheless, feature sizes smaller than 100 um should be readily achievable,

and much smaller features (e.g., 100 nm) are theoretically possible.

[0148] Procedures for providing hydrophobic barriers in porous, hydrophilic media
using “bench-top” or “laboratory” photolithography use many of the same principles as
the cleanroom photolithography described above, but are generally less expensive and

simpler to perform.
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[0149] Fig. 12 illustrates an exemplary process for providing hydrophobic barriers in
porous, hydrophilic media according to some embodiments. First, a porous, hydrophilic
medium is provided 1210. While the paper is selected to have a thickness and strength
sufficient to survive the lithographic steps, and also to be compatible with the subsequent
intended use, in order to reduce costs, in one example a 10 cm x 10 cm piece of paper

towel is used as the hydrophilic medium.

[0150] Next, the paper is soaked in photoresist and dried 1220. In one example, 1 mL
of SC photoresist is spread over the paper towel using the side of a glass test tube to
obtain an approximately even coating of the resist through the thickness of the paper
towel. Excess resist is removed, e.g., by blotting with a paper towel, and the photoresist-
soaked paper then air-dried at 25 °C for 10 min. Options for photoresist are generally the
same as described with reference to Fig. 11. SC photoresist is typically less expensive
than many other kinds of commercially available photoresist, and thus can be useful in

cost-sensitive applications. Home-made photoresists are suitable as well.

[0151] Next, the photoresist-soaked paper is aligned under a photo-mask and exposed
to UV light at a wavelength selected to cause the photoresist to react appropriately 1230.
In one exemplary process, the masks for bench-top lithography are produced by printing
them onto transparency sheets using a desktop inkjet printer (HP Photosmart C3100). In
this example, the paper is exposed to UV light from a long wave UV lamp, B 100 AP,
UVP, ~20 mW/cm?, held 12 cm above the paper, for about 3.5 min through a photo-mask
that is held in place on top of the paper by clamping the mask and paper between two
pieces of glass. Another inexpensive source of UV light is a UV EPROM (erasable

programmable read-only memory) chip erasing lamp.

[0152] Next, the photoresist is developed 1240. In one example, unpolymerized
photoresist was removed by soaking the paper in xylene (3 min), and dichloromethane (3
x 3 min). The developing process leaves hydrophobic barriers formed of photoresist in
the paper (or other porous medium). As in the embodiment of Fig. 12, the paper can be
optionally treated with an oxygen plasma to adjust its hydrophilicity, e.g., by exposing the
paper to an oxygen plasma for 10 seconds at 600 torr (SPI Plasma-Prep I1, Structure

Probe, Inc).
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[0153] The resulting patterned paper can then be cut and derivatized as described in

greater detail above.

[0154] In other embodiments, hydrophobic barriers are provided in porous,
hydrophilic media soft lithography/microcontact printing/stamping. Fig. 13 illustrates an
exemplary method for using soft lithography to provide hydrophobic barriers. First, a
stamp 1s provided 1310. In one example, stamps are made out of plastic (Costar 384-well
microplate, Corning), and in another example, rubber stamps were custom fabricated by
Rubber Stamps Net, having a cost of about $25 for a 3 x 3 inch stamp, and are limited to
features of about 0.35 mm in width. It is contemplated that other minimum feature sizes

are possible, and are limited by the manufacturing technique and material used.

[0155] Next, the stamp is “inked,” e.g., by painting a hydrophobic polymer onto the
stamp 1320. In one example, poly(dimethylsiloxane) (PDMS) (sylgard 184, 10:1
elastomer base:curing agent, cured for 3 h at room temperature) was spread in a thin layer

over the features of a pattern using a white bristle flat paintbrush #4.

[0156] Next, the polymer-inked stamp was pressed onto the porous, hydrophilic
medium 1330. In one example, a PDMS-coated stamp was placed in contact with a 10 x
10 cm piece of paper Whatman No. | filter paper, pressed gently by hand for

approximately 20 seconds, and the stamp then removed.

[0157] The polymer is then subsequently treated, e.g., cured 1340. Continuing the

above example, the PDMS in the paper was cured for 8 h at room temperature before use.

[0158] The dimensions of the patterned features formed using the exemplary
procedures described above for cleanroom lithography, laboratory/bench-top lithography,
and soft lithography were quantified by imaging the patterns using a Nikon digital camera
DXM1200 attached to a stereomicroscope (Leica MZ12), magnifying the images in
Microsoft Powerpoint, printing the images, and measuring the features using a ruler.

Figs. 14A and 14B are images of features formed using cleanroom lithography and
laboratory lithography, respectively. Table 3 summarizes the measurements made from

the images; the reported values in Table 3 are calibrated for magnification, and represent
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real dimensions; they also are the average of 3 replicas of the same pattern measured 10

times at positions distributed throughout the entire pattern.

Table 3. Fidelity of transfer for two exemplary methods of patterning paper. In all
cases, the hydrophilic channels and the hvdrophobic walls were designed to be 1
mm.

Width of Width of
Hydrophilic Hydrophobic
Paper (mm) Polymer (mm)
Method Arc Straight Channel  90° Angle Straight Channel
Photolithography 1 o140 09 1032002 1.0320.0 0.95£0.01
(cleanroom)
Photolithography g 95,5 03 0001003 0.9920.03 1.020.03

(bench-top)

[0159] The exemplary procedure for patterning hydrophobic barriers with cleanroom
lithography described above with respect to Fig. 11 generates relatively well-defined
features that, in some embodiments, can be made as small as about 150 um in width for
the hydrophilic channel (experimental: 158 + 13 pm), and about 300 pm in width for the
hydrophobic walls (experimental: 297 = 27 um), as shown in Fig. I16A. In general,
hydrophobic walls can be made even smaller than about 150 um, however thinner walls
are less efficient at limiting the diffusion of water outside the hydrophilic channels than

thicker walls.

[0160] Although cleanroom photolithography generates high-quality features, it is
somewhat less efficient than bench-top lithography and bench-top stamping, in terms of
throughput, expense, and the number of steps required to make a pattern. For example, in
one exemplary process, cleanroom lithography uses about 0.5 g of SU-8 2010 photoresist
tomake a 5 x 5 cm grid of 3.6 x 3.6 mm squares on a 7.5 cm piece of filter paper (shown
in Fig. 15A); this amount of photoresist alone costs ~§0.26. The exemplary fabrication
process used to produce the grid shown in Fig. 15A requires nine steps before the device

is complete and ready for use.
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[0161] Photolithography in the cleanroom also has a practical limitation, in that the
equipment is typically designed for a particular maximum size of substrate. For example,
the equipment used during the exemplary process could not be used to pattern circular
pieces of paper larger than 7.5 cm in diameter because the mask aligner could not
accommodate larger substrates. Larger mask aligners would allow larger substrates to be

patterned.

[0162] Bench-top lithography has a comparable fidelity to cleanroom lithography for
transferring features from a mask to a piece of paper when the features are millimeters in
size. For example, as shown in Table 3, a mask with hydrophilic channels and
hydrophobic walls of 1 mm gives patterns in paper that are 0.99 + 0.03 mm wide for the

channels and 1.02 + 0.03 mm wide for the walls.

[0163] Bench-top lithography, however, may be somewhat less consistent than
cleanroom lithography at providing features of equal size throughout a pattern. For
example, in some embodiments the line width has 50% higher variation for bench-top
lithography than cleanroom lithography. Bench-top lithography may also be less efficient
than cleanroom lithography at producing patterns with relatively narrow line widths. For
example, using the exemplary processes described above, the narrowest features made
that did not leak using bench-top lithography were about 100 pm in width (experimental
value 106 + 23 pum) (for the hydrophilic channel), and about 150 um in width

(experimental value 245 =31 pm) (for the hydrophobic walls), as shown in Fig. 16B.

[0164] Bench-top lithography, however, is significantly less expensive and higher
throughput than cleanroom lithography. In one exemplary process using bench-top
lithography, 0.5 g of SC photoresist was used to make a 10.7 x 7.2 cm grid of 3.6 x 3.6
mm squares (Fig. 15B), which costs ~$0.05 (30.21 less than with cleanroom lithography).

[0165] The same resist could be used in the cleanroom process as well, so one useful
feature of the bench-top method is not in the cost of the resist, but in the cost of the
equipment and in the throughput for the process. For example, in some exemplary

processes, making the same 5 X 5 cm grid on the bench top requires 6 steps (3 fewer than
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the cleanroom process), and can be accomplished ~10 min faster than the time required to

make the grid in the cleanroom.

[0166] In some embodiments, the stamping method is an easier and cheaper method
of patterning paper than cleanroom or bench-top photolithography, but may yield
somewhat lower quality patterns. The quality of the stamp itself, in addition to the
transfer process, can affect the quality of the resulting pattern. While the exemplary
processes describe above used commercially-bought stamps, stamps can also be made in
the laboratory, e.g., using poly(dimethylsiloxane) (PDMS) by replica molding a master
(made by photolithography), using techniques known in the art.

[0167] In some embodiments, the stamping method is significantly less expensive
than the photolithographic methods. In one exemplary process, a 10.7 x 7.2 cm grid of
3.6 % 3.6 mm squares (Figure 15C) can be made in about 120 seconds using only 0.1 g of
PDMS (which costs ~$0.01, and is $0.25 and $0.04 less expensive than the polymers used
to make the same pattern by exemplary bench-top or cleanroom lithographic methods,

respectively).

[0168] Embodiments of the stamping method also allow a wide variety of materials.
The technique has been demonstrated for generating patterns, for example, using PDMS,
paraffin wax (m.p. 58-60 °C), and Norland optical adhesive (NOA), a urethane-based
adhesive that can be cured with UV light (Norland Products, Inc.).

[0169] Table 4 includes information comparing the estimated costs to pattern porous,
hydrophilic media with hydrophobic barriers, according to various exemplary
embodiments. The cost of the relatively high-resolution methods (cleanroom
photolithography and bench-top photolithography) can be reduced, for example, by using
relatively inexpensive negative photoresist (e.g., SC photoresist, Arch Chemicals, Inc.),
by printing masks using an inkjet printer (e.g., instead of buying them from a printing
service), and/or exposing the photoresist using a standard 100 W mercury lamp (e.g.,
Blak-ray long wave UV lamp B100 AP, approximately $514). For producing multiple
copies of a single pattern with relatively low-resolution (wide) features, stamps (rubber or
plastic) can be used, that can be purchased from suppliers in almost any design desired
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(the rubber stamps cost ~$25). In some embodiments, poly(dimethylsiloxane) (PDMS) is
used as the hydrophobic polymer. Various porous media are also compared, e.g.,
Kimberly-Clark hard roll paper towels and Whatman No. 1 filter paper, though similar
results likely will be obtained with other papers as well. Kimberly-Clark paper towels are

a relatively inexpensive source of paper available that wicks fluids well.

Table 4. Comparison of the equipment needed and expenses incurred for three
exemplary methods of patterning porous media with hvdrophobic barriers

Pieces of Time Required  Cost of Polymer
Method Components® Equipment  to Make 1 For 1 Replica’
Replica (min)

—t

. silicon wafer

. SU-8 2010
photoresist

3. spin coater

4. hot plate

5. mask aligner

6. 1000 W

mercury lamp

[\

Photolithography

5 ~40° $0.26
(cleanroom)

. SC photoresist
. hot plate

. 100W
mercury lamp

Photolithography

(bench-top) 3 ~30 $0.05

LI N

1. stamp

d :
> PDMS 1 ~2 $0.01

Stamping

*All methods use Kimberly-Clark hard roll paper towels or Whatman No. 1 filter paper.
°It takes an additional 10 minutes to make a second replica.

‘It takes an additional approx. 8 minutes to make a second replica.

This time estimate does not include the time required for the patterns to dry.

This cost estimate is only for the cost of the polymer (photoresist or PDMS); it does not
include the cost of the paper, the solvent, or the use of electricity.

[0170] Other methods can also be used to form hydrophobic barriers in the porous,
hydrophilic medium. For example, liquids may be applied to the medium in accordance
with a pattern. The liquid may itself be hydrophobic, or may be capable of change to a
hydrophobic solid upon drying or upon further treatment. For example, the liquid may be

a commercially available waterproofing solution, which is hydrophilic and thus will wet
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the paper but forms a hydrophobic solid upon drying, or the liquid may be a monomer,

which upon polymerization forms a hydrophobic solid.

[0171] The liquid may be applied in accordance with a pattern in many different
ways. For example, the liquid may be sprayed, e.g., airbrushed, or otherwise deposited
through a stencil. Or, for example, the liquid may be deposited using well-known “silk
screening” techniques. Alternately, a lithographically patterned piece of paper can be
used as a “stamp” for another piece of paper. For example, the patterned piece of paper
can be lithographically patterned, e.g., as described above, to create hydrophobic and
hydrophilic regions. The patterned paper can then be soaked with a liquid so that only
designated parts of the paper, typically the hydrophilic parts, are wetted by the solution.
The patterned and soaked paper is then brought into contact with another (unpatterned)
piece of paper, which the liquid soaks into, thus transferring the pattern. Ink-jet printing
is another method that can be used to deposit liquid on the paper in accordance with a
pattern. Alternatively, a plotter can be used to “draw” a pattern on the paper. A common
feature of the above-described embodiments is the need to deposit sufficient liquid onto
the paper to substantially permeate it, to create a barrier to lateral fluid flow across the

patterned region.

[0172] One factor that may limit resolution size when applying a liquid to the paper in
accordance with a pattern, is that the liquid may also flow laterally as it soaks through the
thickness of the paper, thus blurring the edges of the intended feature. This problem can
be alleviated somewhat by applying a vacuum to the bottom surface of the paper which
can speed the transport of the liquid through the paper thickness, thus limiting the amount

of time the liquid can laterally spread.

[0173] Wax is one inexpensive, readily available alternative to photoresist that can
potentially be used to form hydrophobic channels within the chromatographic paper. For
example, wax from wax paper can be transferred to the chromatographic paper in
accordance with a pattern. In some embodiments, this is done by sandwiching the paper
to be patterned between two pieces of wax paper, and the desired pattern “written” on the
wax paper using a heated instrument. This process transfers a small amount of wax from

the two pieces of wax paper onto both sides of the paper. The paper can then be heated
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on a hotplate to melt the wax through the thickness of the paper, creating a hydrophobic
barrier. Or, for example, a thread soaked in wax can be stitched through the
chromatographic paper in accordance with a pattern, and the wax subsequently melted so

that it locally saturates the paper.

[0174] It will be appreciated that the scope of the present invention is not limited to
the above-described embodiments, and that the invention encompasses modifications of
and improvements to what has been described. Other embodiments are within the scope

of the following claims.
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What is Claimed Is:

1. An assay device, comprising:

a porous, hydrophilic medium;

a fluid impervious barrier comprising polymerized photoresist, the barrier
substantially permeating the thickness of the porous, hydrophilic medium and defining a
boundary of an assay region within the porous, hydrophilic medium; and

an assay reagent in the assay region.

2. The assay device of claim 1, wherein the barrier further defines a boundary of a
channel region within the porous, hydrophilic medium, the channel region fluidically

connected to the assay region.

3. The assay device of claim 2, wherein the barrier further defines a boundary of a
sample deposition region within the porous, hydrophilic medium, the channel providing a
fluidic pathway within the porous, hydrophilic medium between the sample deposition

region and the assay region.

4. The assay device of claim 1, wherein the barrier further defines boundaries of a

plurality of assay regions.

5. The assay device of claim 4, wherein the barrier further defines boundaries of a
plurality of channel regions within the porous, hydrophilic medium and further defines a
boundary of a sample deposition region, each channel providing a fluidic pathway within
the porous, hydrophilic medium between the sample deposition region and a

corresponding assay region of the plurality of assay regions.

6. The assay device of claim 4, further comprising assay reagents in at least some of

the assay regions.

7. The assay device of claim 4, wherein the barrier physically separates the assay

regions of the plurality of assay regions from one another.

8. The assay device of claim 1, wherein the assay reagent is covalently bonded to the

porous, hydrophilic medium in the assay region.
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9. The assay device of claim 1, wherein the assay reagent is noncovalently bonded to

the porous, hydrophilic medium in the assay region.

10. The assay device of claim 1, wherein the assay reagent is selected to provide a

visible indication of the presence of analyte.

1. The assay device of claim 1, wherein the assay reagent is selected to react to the
presence of at least one of glucose, protein, fat, vascular endothelial growth factor,

insulin-like growth factor 1, antibodies, and cytokines.

12. The assay device of claim 1, wherein the photoresist comprises negative
photoresist.
13. The assay device of claim 1, wherein the porous, hydrophilic medium comprises

one of nitrocellulose acetate, cellulose acetate, cellulosic paper, filter paper, tissue paper,

writing paper, paper towel, cloth, and porous polymer film.
14. The assay device of claim 1, wherein the porous, hydrophilic medium is flexible.

15. The assay device of claim 1, wherein the barrier has at least one dimension

between about 5 cm and about 100 pm.

16.  The assay device of claim 1, wherein the barrier has at least one dimension

between about 300 pm and about 100 um.

17. The assay device of claim 1, wherein the barrier has at least one dimension less

than about 300 um.

18.  The assay device of claim 2, wherein the channel has at least one lateral

dimension that is between about 750 pm and about 100 pm.

19. The assay device of claim 2, wherein the channel has at least one lateral

dimension that is between about 250 pm and about 100 um.

20. The assay device of claim 2, wherein the channel has at least one lateral

dimension that is less than about 250 pm.
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21.  The assay device of claim 1, further comprising an imaging device capable of

obtaining a digital image of the assay region.

22. The assay device of claim 21, further comprising a processor in communication
with the imaging device and capable of obtaining information about an analyte in the

assay region based on the digital image of the assay region.

23.  The assay device of claim 22, wherein the processor is capable of obtaining the
information about the analyte based on an intensity in the digital image of the assay

region.

24, The assay device of claim 1, further comprising a layer over the porous

hydrophilic medium, the layer including at least one aperture.

25.  The assay device of claim 24, wherein the aperture provides at least part of a

fluidic pathway to the assay region.

26. An assay device, comprising:

a porous, hydrophilic medium;

a fluid impervious barrier substantially permeating the thickness of the porous,
hydrophilic medium and having a width between about 1 mm and about 100 pm, the
barrier completely defining a boundary of an assay region within the porous, hydrophilic
medium,; and

an assay reagent in the assay region.

27. The assay device of claim 26, wherein the assay reagent is selected to provide a

visible indication of the presence of analyte.

28.  The assay device of claim 26, wherein the assay reagent is selected to react to the
presence of at least one of glucose, protein, fat, vascular endothelial growth factor,

insulin-like growth factor 1, antibodies, and cytokines.

29.  The assay device of claim 26, wherein the barrier comprises one of photoresist

and curable polymer.
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30.  The assay device of claim 26, wherein the porous, hydrophilic medium comprises
one of nitrocellulose acetate, cellulose acetate, cellulosic paper, filter paper, tissue paper,

writing paper, paper towel, cloth, and porous polymer film.

31. The assay device of claim 26, wherein the barrier has at least one lateral

dimension between about 300 pm and about 100 pm.

32. The assay device of claim 26, wherein the barrier has at least one lateral

dimension less than about 300 pm.

33.  The assay device of claim 26, further comprising a plurality of fluid impervious
barriers substantially permeating the thickness of the porous, hydrophilic medium, each
barrier having a width between about 1 mm and about 100 pum, each barrier each
completely defining a boundary of a corresponding assay region within the porous,

hydrophilic medium; and an assay reagent in each assay region.

34, An assay device, comprising:

a porous, hydrophilic medium;

a fluid impervious barrier substantially permeating the thickness of the porous,
hydrophilic medium and having a length and a width that varies by less than about 10%
along the length of the barrier, the barrier defining a boundary of an assay region within
the porous, hydrophilic medium, and

an assay reagent in the assay region.

35. The assay device of claim 34, wherein the barrier further defines a boundary of a
channel region within the porous, hydrophilic medium, the channel region fluidically

connected to the assay region.

36.  The assay device of claim 35, wherein the barrier further defines a boundary of a
sample deposition region within the porous, hydrophilic medium, the channel providing a
fluidic pathway within the porous, hydrophilic medium between the sample deposition

region and the assay region.
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37. The assay device of claim 34, wherein the assay reagent is selected to provide a

visible indication of the presence of analyte.

38.  The assay device of claim 34, wherein the assay reagent is selected to react to the
presence of one of glucose, protein, fat, vascular endothelial growth factor, insulin-like

growth factor 1, antibodies, and cytokines.

39. The assay device of claim 34, wherein the barrier comprises one of photoresist

and curable polymer.

40.  The assay device of claim 34, wherein the porous, hydrophilic medium comprises
one of nitrocellulose acetate, cellulose acetate, cellulosic paper, filter paper, tissue paper,

writing paper, paper towel, cloth, and porous polymer film.
41. The assay device of claim 34, wherein the barrier width is less than about 300 um.

42.  The assay device of claim 34, wherein the barrier width varies by less than about

5% along the length of the barrier.

43. The assay device of claim 35, wherein the channel region has at a width between

about 750 um and about 100 pum.

44, The assay device of claim 35, wherein the channel region has a length and a width

that varies by less than about 10% along the length of the channel.

45. The assay device of claim 35, wherein the channel region has a length and a width

that varies by less than about 5% along the length of the channel.

46. A method of making a device, the method comprising:

saturating a porous, hydrophilic medium with photoresist;

exposing the saturated medium to a pre-determined pattern of light;

removing the photoresist from a region of the medium based on the pre-
determined pattern of light to define a barrier of residual photoresist that forms a
boundary of the region, wherein the pre-determined pattern of light is selected so that the

barrier defines an assay region in the region; and
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providing an assay reagent in the assay region.
47.  The method of claim 46, wherein the barrier is substantially fluid impervious.

48.  The method of claim 46, comprising selecting the pre-determined pattern of light

so that the barrier completely encompasses the region.

49. The method of claim 46, comprising selecting the pre-determined pattern of light
so that the barrier borders a first portion of the region, and wherein an edge of the porous,

hydrophilic medium borders a second portion of the region.

50. The method of claim 46, wherein providing the reagent comprises covalently

binding the reagent to the assay region.

51. The method of claim 46, wherein providing the reagent comprises noncovalently

binding the reagent to the assay region.

52.  The method of claim 46, comprising selecting wherein the pre-determined pattern
of light so that the assay region has a shape based on transport characteristics of the

reagent in the presence of a liquid.

53. The method of claim 46, wherein the reagent is selected to provide a visible

indication of the presence of analyte.

54,  The method of claim 46, wherein the assay reagent is selected to react to the
presence of one of glucose, protein, fat, vascular endothelial growth factor, insulin-like

growth factor 1, antibodies, and cytokines.

55.  The method of claim 46, comprising selecting the pre-determined pattern of light

so that the barrier defines a channel region in the region.

56.  The method of claim 46, wherein the channel region has at least one lateral

dimension that is between about 750 um and about 100 um.

57. The method of claim 46, comprising selecting the pre-determined pattern of light

is selected so that the barrier defines a sample deposition region in the region.
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58.  The method of claim 46, wherein the saturating the porous, hydrophilic medium
with photoresist comprises applying a solution of the photoresist in a solvent to the

medium and substantially evaporating the solvent.

59. The method of claim 46, wherein exposing the saturated medium to a pre-
determined pattern of light comprises irradiating the region with the light and

substantially not irradiating the barrier with the light.

60.  The method of claim 46, wherein exposing the saturated medium to a pre-
determined pattern of light comprises irradiating the barrier with the light and

substantially not irradiating the region with the light.

61. The method of claim 46, wherein removing the photoresist comprises removing
the photoresist from a plurality of regions of the medium based on the pre-determined
pattern of light to define a plurality of barriers of residual photoresist that form

boundaries of corresponding regions.

62.  The method of claim 46, further comprising:

saturating a second porous, hydrophilic medium with photoresist;

exposing the saturated second medium to a pre-determined pattern of light;

removing the photoresist from a region of the second medium based on the pre-
determined pattern of light to define a barrier of residual photoresist that forms a
boundary of the region;

substantially aligning the barrier of the second medium with the barrier of the first
mentioned medium; and

bonding the first medium to the second medium.

63.  The method of claim 62, comprising applying a reagent in the region of the first

medium, the reagent selected to react to a target analyte.

64.  The method of claim 63, further comprising providing one of a labeled antibody
and a labeled protein in the region of the second medium, the one of the labeled antibody
and the labeled protein selected to provide a color indication of a reaction between the

reagent and the target analyte.
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65. The method of claim 46, further comprising providing a layer over the porous,
hydrophilic medium, the layer including at least one aperture that is aligned based on a

position of the barrier.

66.  The method of claim 46, comprising selecting the pre-determined pattern of light

so that the barrier has at least one dimension that is between about 5 ¢cm and about 100

pm.

67.  The method of claim 46, comprising selecting the pre-determined pattern of light

so that the barrier has at least one dimension that is less than about 250 pm.

68. The method of claim 46, wherein the porous, hydrophilic medium comprises one
of nitrocellulose acetate, cellulose acetate, cellulosic paper, filter paper, tissue paper,

writing paper, paper towel, cloth, and porous polymer film.

69. The method of claim 46, further comprising:

removing the photoresist from a plurality of regions of the medium based on the
pre-determined pattern of light to define a plurality of barriers of residual photoresist that
form boundaries of a corresponding plurality of regions, wherein the pre-determined
pattern of light is selected so that the plurality of barriers define a corresponding plurality
of assay regions in the regions; and

providing an assay reagent in at least some of the assay regions.

70. A method of making a device, the method comprising:

coating a stamp of pre-determined pattern with a curable polymer;

pressing the coated stamp onto a porous, hydrophilic medium, the medium having
a thickness and the curable polymer substantially permeating the medium through its
thickness in accordance with the pre-determined pattern;

curing the curable polymer so as to form a fluid impervious barrier embedded in
the medium, the fluid impervious barrier defining an assay region in the medium; and

providing a reagent in the assay region.

71. The method of claim 70, wherein the curable polymer comprises poly(dimethyl-
siloxane) (PDMS).
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72. The method of claim 70, comprising selecting the pre-determined pattern so that

the barrier completely encompasses the region.

73. A method of performing an assay to determine the presence of an analyte in a
liquid sample, the method comprising:

depositing the liquid sample on an assay device, the assay device comprising a
porous, hydrophilic medium, a fluid impervious barrier comprising polymerized
photoresist, the barrier substantially permeating the thickness of the porous, hydrophilic
medium and defining a boundary of an assay region within the porous, hydrophilic
medium, and an assay reagent in the assay region, the assay reagent selected to provide a
visible response to the presence of the analyte;

obtaining an image of the assay region; and

determining the presence of the analyte in the liquid based on the image of the

assay region.

74. The method of claim 73, wherein determining the presence of the analyte in the
liquid comprises obtaining an average intensity of at least a portion of the image of the
assay region, and determining the presence of the analyte in the liquid based on the

average intensity.

75. The method of claim 73, wherein obtaining the image of the assay region
comprises imaging the assay region with one of a camera phone, a digital camera, and a

scanner.

76.  The method of claim 73, wherein determining the presence of the analyte based on
the image of the assay region comprises transmitting the image to a remote lab, and
obtaining information from the remote lab regarding the presence of the analyte in the

liquid.

77. The method of claim 73, wherein obtaining the image of the assay region
comprises 1maging the assay region with a camera phone, and wherein determining the
presence of the analyte based on the image of the assay region comprises transmitting the

image to a remote lab via the camera phone.
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