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SYSTEMS AND APPARATUS FOR DETECTING COMPOUNDS IN HUMAN
BIOLOGICAL SAMPLES

RELATED APPLICATION
[0001] This application claims the benefit under 35 U.S.C. § 119(e) of U.S. Provisional
Application Serial No. 62/311,977, filed on March 23, 2016, entitled “SYSTEMS AND
APPARATUS FOR DETECTING COMPOUNDS IN HUMAN BIOLOGICAL SAMPLES”,

the entire contents of which are incorporated by reference herein.

BACKGROUND

[0002] Testing or screening of human biological samples such as serum or urine for a
particular compound (e.g., protein analyte) in the sample facilitates identification of a
particular medical condition for the human from which the sample is obtained. Some
screening tests are performed in laboratories based on samples collected from patients at a
medical clinic or hospital. An example of such a test is a test for cholesterol levels by
analyzing a patient’s blood sample. Other screening tests are prescribed by a physician or may

be purchased over-the-counter for home use.

SUMMARY

[0003] Provided herein are descriptions of apparatus for analyzing human biological
samples such as serum and urine for the presence of compounds (e.g., protein analytes) having
particular binding activities to nucleic acid complexes. Apparatus in accordance with some
embodiments include one or more of a collection device, a sample processing device, and an
imaging device for providing an indication of whether a sample provided as input to the

apparatus contains compounds indicative of a particular medical condition.

[0004] One aspect of this disclosure is directed to a point-of-care device configured to
receive a human biological sample, process the biological sample using a gel electrophoresis
technique, image the gel used for gel electrophoresis, and output an indication that a particular
compound was detected in the input biological sample. In one aspect the point-of care device
is configured to communicate with a computing device such as a smartphone or tablet

computer to provide the indication. In another aspect the indication is provided on the point-
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of-care device without connection to a separate computing device. In one aspect the point-of-

care device is disposable.

[0005] One aspect of this disclosure is directed to a high-throughput device configured
to receive multiple human biological samples, and to process the multiple biological samples
using gel electrophoresis processes. The high-throughput device may include a display

configured to display data corresponding to gel electrophoresis results.

[0006] One aspect of this disclosure is directed to an integrated device including a
sample collection component, a processing component, and an imaging component.
Integration of multiple components within a single device may enable for a lower cost and/or

disposable detection system.

[0007] One aspect of this disclosure is directed to a collection device configured to
collect a biological sample and provide a desired amount of the collected biological sample to
a sample preparation chamber in which the biological sample is combined with a substance
(e.g., a fluid) including nucleic acid complexes. In one aspect, the sample preparation chamber

may also be configured to incubate the combined mixture for a particular amount of time.

[0008] One aspect of this disclosure is directed to a reader device configured to
perform gel electrophoresis on a human biological sample that has been combined with a
substance including nucleic acid complexes configured to bind with compounds in the human
biological sample. In one aspect the reader device is portable and capable of being connected
to an external power source. In another aspect the reader device is integrated with a sample

collection device configured to receive the human biological sample.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The accompanying drawings are not intended to be drawn to scale. In the
drawings, each identical or nearly identical component that is illustrated in various figures is
represented by a like numeral. For purposes of clarity, not every component may be labeled in

every drawing. In the drawings:

[0010] FIG. 1 is a schematic diagram of a components of an apparatus for analyzing

human biological substances in accordance with some embodiments;

[0011] FIG. 2 shows an example of a sample collection device in accordance with

some embodiments;
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[0012] FIG. 3 shows an example of an alternate sample collection device in accordance

with some embodiments;

[0013] FIG. 4 is a schematic diagram of a sample processing device in accordance with

some embodiments;

[0014] FIG. 5 is a schematic diagram of an imaging device in accordance with some

embodiments;

[0015] FIG. 6 is a schematic diagram of an integrated device in accordance with some

embodiments;

[0016] FIG. 7 is a schematic diagram of a high-throughput device in accordance with

some embodiments; and

[0017] FIG. 8 is an illustration of a biological sample analysis device in accordance

with some embodiments.

DETAILED DESCRIPTION

[0018] Following below are more detailed descriptions of various concepts related to,
and inventive embodiments of, methods and apparatus according to the present disclosure for
analyzing biological samples. Examples of specific implementations and applications are

provided primarily for illustrative purposes.

[0019] Testing or screening of human biological samples such as serum or urine for a
particular compound (e.g., protein analyte) in the sample facilitates identification of a
particular medical condition for the human from which the sample is obtained. For example,
elevated levels of particular hormones or proteins detected in a urine sample may be used to
predict stages of fertility including ovulation, fertilization, or implantation. Some screening
tests are performed in laboratories based on samples collected from patients at a medical clinic
or hospital. An example of such a test is a test for cholesterol levels by analyzing a patient’s
blood sample. Other screening tests are prescribed by a physician or may be purchased over-

the-counter for home use. An example of such a test is a home pregnancy test.

[0020] The inventors have recognized and appreciated that existing devices for testing

or screening human biological samples may be improved by using measurement techniques
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that improve the sensitivity and/or accuracy of such devices. Some embodiments described

herein relate to an improved screening device for analyzing human biological samples.

[0021] FIG. 1 schematically illustrates components of a biological sample analysis
device in accordance with some embodiments. Collection device 110 is configured to collect a
biological sample from a human. In some embodiments, the biological sample may be
deposited directly onto a portion of collection device 110. In other embodiments, the
biological sample may be deposited in a container separate from the collection device 110 and
be drawn into collection device 110 using a capillary action, wicking action, or some other
suitable technique. In yet other embodiments, collection device 110 may include a first portion
comprising a larger collection receptacle for depositing a biological sample and a second
portion comprising a smaller collection chamber connectable with the first portion. Examples
of collection device 110 that may be used in accordance with some embodiments are described

in more detail below in connection with FIGS. 2 and 3.

[0022] Collection device 110 transfers the collected sample to sample processing
device 120, which processes the sample using a measurement technique for detecting a
compound in the collected sample. In some embodiments described in more detail below,
sample processing device 120 performs gel electrophoresis on the collected sample that has
been combined with another substance, with the results of the gel electrophoresis technique
being used to detect the presence/absence of a compound in the sample. Examples of sample
processing devices that may be used in accordance with some embodiments are described in

more detail below in connection with FIGS. 4, 6, and 7.

[0023] After processing the collected sample using sample processing device 120, an
analysis of the processed sample performed by imaging device 130. In embodiments in which
the sample is processed using gel electrophoresis, one or more images of the gel
electrophoresis results may be captured using imaging device 130, and the captured image(s)
may be used to detect the presence/absence of a compound in the sample. For example,
substances input to a gel electrophoresis process migrate different distances along a gel
electrophoresis track based on characteristics of the input substances. Accordingly, various
components of the input substance may be inferred based on the distance that the substance
migrates along a gel electrophoresis track in the presence of an applied electric field. Image(s)

captured by imaging device 130 may be used to determine the distance that different input
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substances migrate along a track in sample processing device 120, thereby determining

whether a particular compound is present/absent in the tested sample.

[0024] FIG. 2 illustrates an example of a collection stick device 200 as an example of
collection device 110 that may be used in accordance with some embodiments. Collection
device 200 includes a rigid body 210, which may be made from plastic or another suitable rigid
material. Attached to body 210 is input port 220 arranged to receive a biological sample. For
example, input port 220 may comprise a wicking material onto which a urine sample is
deposited for testing. Use of a wicking material may be particularly advantageous if, for
example, the biological sample is first deposited into a different receptacle (not shown) and is
transferred to collection device 200 via input port 220. In some embodiments, in response to
the placement of biological sample onto input port 220 at least a portion of the deposited
biological sample is drawn into collection device 200. In addition to, or alternatively to
including input port 220, some embodiments of collection device 200 include sample input
window 230 onto which a biological sample may be deposited. For example, one or more
drops of blood (or some other biological material) may be input to collection device 200 via

sample input window 230 for testing.

[0025] In some embodiments, sample collection device 200 is configured to collect a
biological sample for processing by one or more other devices without processing of the
sample within the collection device. In other embodiments, collection device 200 is
configured to perform at least some processing on a biological sample received by the
collection device. For example, at least a portion of collection device collection device 200
may contain a substance that is combined with the input sample when received by the
collection device. An example of such a substance is a fluid comprising nanoswitch
molecules, described in more detail below, that interact with components of an input sample
when combined in solution. The substance that is combined with the input sample may be
stored in a receptacle within collection device and/or coated on a portion of collection device
200 such that when a sample is introduced to the collection device via an input port, the input
sample and the substance are combined. In yet other embodiments, the substance combined
with the input sample may be introduced via the same or a different input port of collection
device 200. For example, the biological sample may be introduced via input port 220 and the
substance to be combined may be introduced via sample input window 230 or both of the
biological sample and the substance may be input to collection device 200 via sample input

window 230.



WO 2017/165585 PCT/US2017/023711

[0026] In some embodiments, collection device 200 includes communications
connector 240 configured to communicate information with an external device. For example,
communications connector 240 may be a USB connector, a mini-USB connector, a IEEE 1394
connector, or some other suitable connector configured to exchange information with a
computing device. The computing device, when connected, may perform additional
processing and/or provide power to collection device 200 to perform gel electrophoresis or

some other process that requires a power source to operate.

[0027] The inventors have recognized that some measurement techniques used in
accordance with some embodiments require only a small amount (e.g., 5-50uL) of biological
sample for processing, but collecting such a small amount of sample may present challenges.
FIG. 3 illustrates a cup-based collection device 300 as an alternate embodiment of collection
device 110. Collection device 300 includes a cup portion 302 that receives the biological
sample as input and a connectable sample collection portion 316 that receives the sample from
cup portion 302 for further processing. In some embodiments, collection portion 316 is

substantially similar to collection device 200 described in connection with FIG. 2.

[0028] Cup portion 302 of collection device 300 includes a large opening 310 into
which a biological sample (e.g., urine) may be input. The received biological sample is
transferred to collection chamber 314 via channel 312 connecting the opening 310 and the
collection chamber 314. Although opening 310 and channel 312 illustrated in FIG. 3 form a
funnel-shaped configuration in which the biological sample flows into collection chamber 314,
it should be appreciated that the sample input into opening 310 may be transferred to collection
chamber 314 in any suitable way, at any suitable rate, and using any suitable configuration. In
some embodiments, collection chamber 314 includes or is coated with a substance that is

combined with an input sample introduced into chamber 314 via channel 312.

[0029] After collection of a portion of the biological sample in collection chamber 314,
collection portion 316 may be coupled to collection chamber 314 to transfer at least a portion
of the input sample (combined or not combined with another substance) to collection portion
316. For example, collection portion 316 may include an input port 318 comprising a wicking
material that, when inserted into collection chamber draws at least some of the input sample
into collection portion 316 for processing and/or transfer to another device for processing. To
prevent the sample from exiting chamber 314 when input port 318 is not inserted into the

chamber, chamber 314 may include a seal that may be broken by input port 318 and/or cup
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portion may include a removable cap portion (not shown) that covers an outlet of chamber 314

and can be removed to enable input port 318 to be inserted into chamber 314.

[0030] In FIG. 3, cup portion 302 and collection portion 316 are shown as separate
components connectable to each other. In some embodiments, a miniaturized version of cup
portion 302 is provided as an integral portion of collection portion 316. For example, a
miniaturized cup portion 302 may be included directly below sample input window 230 of
collection device 200 shown in FIG. 2. By including a miniaturized version of cup portion 302
within the collection device, flow of the input sample may controlled such that a desired
amount of the sample is introduced into a chamber. In some embodiments, the chamber 314
may include or be coated with a substance, as discussed above, that when combined with the

input sample prepares the sample for further processing, as discussed in further detail below.

[0031] FIG. 4 schematically illustrates components of a sample processing or “reader”
device 400, as an example of sample processing device 120. Reader device 400 includes input
interface 410 that receives an input sample from a collection device 110 (e.g., collection device
200 or 300). In some embodiments, input interface 410 is implemented as a chamber or an
absorbent material configured to absorb at least a portion of the input sample introduced into
the input interface from a collection device. Input interface 410 may include or be coated with
a substance that is combined with the input sample when introduced into the reader device 400
via input interface 410. For example, in some embodiments input interface includes a chamber
that includes a fluid with nanoswitch molecules that, when combined with the input sample
change some aspect of the nanoswitch molecules when a particular compound is present in the
input sample, and the changed aspect is detectable using gel electrophoresis, as described in

more detail below.

[0032] In some embodiments, after the sample is combined with the substance (e.g., a
coating or fluid with nanoswitch molecules), the combination is incubated prior to processing
the sample using gel electrophoresis. Accordingly, reader device 400 may include suitable
components to enable the incubation process to proceed for a particular amount of time, as
desired. For example, reader device 400 may include one or more additional substances (e.g.,
buffer substances) and/or timing electronics that measure an incubation time sufficient to
determine that a necessary incubation time has taken place. In some embodiments, no timing
electronics are included in reader device 400, and the user of the device may be responsible for

determining that a suitable incubation period has passed prior to performing gel electrophoresis
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on the incubated sample. In some embodiments, any required incubation may be performed in
a receptacle separate from reader device 400 and the incubated mixture may be provided to

input interface 410 for processing by gel electrophoresis component 412.

[0033] As shown, reader device 400 includes gel electrophoresis component 412,
which receives an input substance from input interface 410 and processes the input substance
using a gel electrophoresis process. Gel electrophoresis is a technique by which molecules
may be sorted based on how far the molecules migrate in a gel substrate in the presence of an
applied electric field. Any suitable gel substrate including, but not limited to agarose and
polyacrylamide, may be used. In accordance with some embodiments, particular markers in
the input sample are detectable when compounds in the sample modify the morphology of
nanoswitch molecules, with the change the morphology causing the nanoswitch molecules to
more slowly or more quickly migrate along the gel substrate. A more detailed discussion of a
nanoswitch molecule technique that may be used in accordance with some embodiments is

discussed in more detail below.

[0034] As discussed above, gel electrophoresis operates by applying an electric field
across a gel substrate such that molecules migrate from a negatively-charged cathode toward a
positively-charged anode at different rates. Power used to create the electric filed may be
provided by power source 420 included as a portion of reader device 400. For example, reader
device 400 may include a battery configured to provide current to an anode and a cathode to
generate an electric field for gel electrophoresis component 412. In some embodiments, reader
device 400 does not include an onboard power source. In such embodiments, the electric field
for gel electrophoresis may be generated based on current provide by a power source external
to reader device 400. For example, power may be provided by inclusion on reader device 400
of an interface for receiving AC (e.g., a standard wall plug) or DC power. In some
embodiments, reader device 400 includes a data communications interface (e.g., a USB

interface) that provides power to the reader device 400 for performing gel electrophoresis.

[0035] Reader device 400 also includes an output interface 414 for outputting a result
of the gel electrophoresis process. Output interface 414 may be implemented in any suitable
way to enable data corresponding to the gel electrophoresis results to be output from reader
device 400. As discussed in further detail below, in some embodiments, reader device 400
includes imaging components (not shown) configured to capture an image of the gel following

electrophoresis, and the captured image may be output via output interface. In some
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embodiments, output interface comprises a transparent window in reader device 400 that
enables an external imaging system (e.g., a cell phone/smartphone/tablet camera) to capture an
image of the gel following electrophoresis. An example of an external imaging system that

may be used in accordance with some embodiments is described in more detail below.

[0036] FIG. 5 shows an example of an imaging device 130 that may be used to capture
an image of a gel following electrophoresis in accordance with some embodiments. The
imaging device includes a light source 510 configured to illuminate gel 540 and a recording
device 520 (e.g., a camera) provided on an opposite side of gel 540 to capture an image of gel
540. Although shown as being on opposite sides of gel 540, in some embodiments both the
light source 510 and the recording device 520 may be provided on the same side of gel 540 for
imaging. Any suitable light source 510 may be used to illuminate gel 540. In some
embodiments, a light source integral in a portable or mobile (e.g., cell phone/smartphone)
camera may be used to illuminate the gel 540 for imaging. For example, some smartphones
and tablet computers include an LED-based camera flash that can be activated to illuminate gel
540. In other embodiments, light source 510 corresponds to a standalone light source, such as
a light box, which is separate from recording device 520. Although the illustrative light
sources described above provide radiation in the visible spectrum, it should be appreciated that
radiation in any suitable spectrum including, but not limited to radiation in the ultraviolet,

infrared, or near-infrared spectra may alternatively be used.

[0037] As shown, a filter 530 may be used in some embodiments to create a filtered
image using camera 520. For example, light source 510 may be configured to cause
compounds on gel 540 to emit photons having a particular wavelength. A filter 530 may be
arranged between the gel 540 and the recording device 520 to filter the emitted radiation to

improve the signal to noise ratio (SNR) of the recording device 520.

[0038] The inventors have recognized that apparatus embodying applications of the
inventive concepts described herein may be used in different environments and by different
users. Depending on the environment in which the apparatus is used, more or less integration
of the collection, sample processing, and imaging devices may be needed or desired. In some
embodiments, an example of which is shown in FIG. 6, most or all of collection, sample
processing, and imaging components are integrated within a single integrated device 600. The
integrated device may be packaged as, for example, an ovulation or pregnancy test kit that may

prescribed or purchased over the counter for in home use. In other embodiments, an example



WO 2017/165585 PCT/US2017/023711
10

of which is shown in FIG. 7, the apparatus may be configured as a high-throughput screening

apparatus 700 for use in a laboratory or clinic environment.

[0039] As shown in FIG. 6, integrated device 600 includes a sample input interface 610
configured to receive a biological sample such as urine or serum. Non-limiting examples of
sample input interfaces 610 are described above in connection with FIGS. 2 and 3. The sample
received via sample input interface 610 is provided to sample preparation component 612 prior
to gel electrophoresis. For example, as discussed above, some biological samples may be
combined with other substances (e.g., nanoswitch molecules, dyes) and/or incubated for a
particular amount of time prior to performing analysis on the sample. Sample preparation
component 612 may be implemented as a separate chamber or substrate within integrated

device 600 or may be integrated with sample input interface 610.

[0040] Integrated device 600 includes sample processing component 614 configured to
process a human biological sample after preparation by sample preparation component 612.
As discussed above in connection with FIG. 4, some embodiments are configured to perform
gel electrophoresis on biological samples. Accordingly, sample processing component 614
may be configured to perform gel electrophoresis. Integrated device 622 includes a power
source 622 configured to provide an electric field necessary to perform gel electrophoresis.
Power source 622 may be provided as a battery or some other power source within integrated
device 600 or power may be provided from a power source external to integrated device 600

such as via a data communications port or an AC power interface.

[0041] Integrated device 600 also includes imaging components incorporated within
the device. As shown, integrated device 600 includes a radiation source 614 and a radiation
detector 616 arranged to image at least a portion of the gel used in sample processing section
614. In some embodiments, radiation source may comprise a single light emitting diode (LED)
configured to illuminate the gel. In other embodiments, a small array of LEDs or other
illumination sources may be used as radiation source 614 to illuminate the gel for imaging.
Any suitable type of radiation source 614 including, but not limited to an ultraviolet radiation
source, a visible light source, and an infrared light source, may be used. Radiation detector
616 1s arranged relative to radiation source 614 and the gel included as a portion of sample
processing component 614 to capture an image of the gel. In some embodiments, radiation
detector 616 may include a single photodetector such as a photodiode configured to record a

number of photons emitted from the imaged gel in response to illumination by radiation source
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614. In other embodiments, radiation detector comprises a 1-dimensional or 2-dimensional
array of photodetector elements arranged to capture an image of the gel. Use of a single LED
light source and a single photodetector may facilitate implementation of a reduced cost

disposable point-of-care device.

[0042] In one embodiment, radiation source 614 and radiation detector 616 are
arranged relative to the gel to capture an image of a line perpendicular to the migration
direction along the gel. During operation some molecules may migrate past the line being
imaged resulting in detection of particular markers in the input sample. In such an
embodiment, the molecules migrating through the gel may be analogous to objects moving on
a conveyor belt past a stationary imaging source providing line images perpendicular to

moving direction of the conveyor belt.

[0043] Radiation source 614 and radiation detector 616 may be controlled by a
controller 618 included in integrated device 600 to capture an image of the gel used within
sample processing component 614. Controller 618 may be implemented as a programmable
microprocessor, an application-specific integrated circuit ASIC, a field programmable gate
array (FPGA), or any other suitable control circuitry. In some embodiments, integrated device
600 may include a data communications interface (e.g., a USB interface) that, when connected
to a computing device, enables controller 618 to be programmed to perform specific functions.
In other embodiments, controller 618 is implemented as dedicated hardware circuitry. Such

dedicated hardware circuitry may provide for a lower-cost disposable point-of-care device.

[0044] As shown, the output of radiation detector 616 is provided to output interface
620. Optionally, the output of radiation detector 616 may be provided to controller 618 for
further processing prior to being provided to output interface 620, as shown by the dashed line
path in FIG. 6. In the optional (dashed line) output path, any suitable processing (e.g., data
compression, averaging, reconstruction, combining) may be provided by controller 618 prior to

outputting the recorded data, and aspects are not limited in this respect.

[0045] In some embodiments, output interface 620 is configured to output an image
captured by radiation detector 616. The image may be processed by a computing device (e.g.,
a smartphone or tablet computer) into which the integrated device 600 is in communication
with. In other embodiments, output interface 620 is configured to output an indication of the
presence/absence of a particular compound in the input sample in a manner similar to a

conventional over-the-counter pregnancy test. For example, the indication may be presented as
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a symbol, icon, or other marking on the portable test. In some embodiments, one of multiple
fertility states (e.g., ovulating, fertilized, implanted) may be detected by integrated device 600

and an output of the detected fertility state may be output by output interface 620.

[0046] FIG. 7 shows a high-throughput device that may be used in a laboratory or a
clinical facility in which multiple input samples may be processed in parallel to detect
compounds in human biological samples. Device 700 includes multiple sample inputs 710 for
transferring input samples to processing component 720 of device 700. Processing component
720 may include a plurality of gel electrophoresis tracks along which a prepared sample may
migrate in the presence of an electric field, as discussed above. Device 700 also includes a
display 730 configured to display data associated with processed samples. Any suitable data
including, but not limited to, an image of one or more gels included in processing component

720 may be displayed on display 730.

[0047] FIG. 8 schematically illustrates components of a system 800 for processing
human biological samples in accordance with some embodiments. Collection device 110
includes a sample collection portion 810 for collecting a sample and a data communications
interface 820 for communicating with a computing device. Reader device 120 is configured to
receive power to generate an electric field for performing gel electrophoresis (not shown).
Imaging device 130 implemented as a smartphone may be used to capture an image of the
results of the gel electrophoresis performed by reader device 120. Alternatively imaging of the
gel may be implemented as a portion of reader device 120, as described above. Data output
from reader device and/or imaging device 130 may be transferred via one or more networks to
a cloud-based resource 830 for storage and/or processing. One or more wired or wireless
connections between components of system 800 and cloud-based resource 830 may be used,
and aspects are not limited in this respect. Data processed and/or stored by cloud-based
resource 830 may be downloaded to an application executing on a computing device (e.g., a
smartphone) to provide an indication of the test results to a user. The computing device may
interact with the cloud-based resource in any suitable way, and aspects are not limited in this

respect.
Non-limiting technique for preparing a sample for gel electrophoresis
[0048] Nanoswitches Generally

[0049] The nanoswitches of this disclosure minimally comprise a scaffold or backbone

nucleic acid comprising one or more, and typically two or more binding partners. The scaffold
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nucleic acid may be of any length sufficient to allow association (i.e., binding) and dissociation
(i.e., unbinding) of binding partners to occur, to be detected, and to be distinguished from other
events. In some instances, the scaffold nucleic acid is at least 1000 nucleotides in length, and it
may be as long as 20,000 nucleotides in length (or it may be longer). The scaffold nucleic acid
may therefore be 1000-20,000 nucleotides in length, 2000-15,000 nucleotides in length, 5000-
12,000 in length, or any range therebetween. The scaffold may be a naturally occurring
nucleic acid (e.g., M13 scaffolds such as M13mp18). M13 scaffolds are disclosed by
Rothemund 2006 Nature 440:297-302, the teachings of which are incorporated by reference
herein. The scaffold nucleic acid may be lambda DNA, in other embodiments. The scaffold
nucleic acid may also be non-naturally occurring nucleic acids such as polymerase chain
reaction (PCR)-generated nucleic acids, rolling circle amplification (RCA)-generated nucleic

acids, etc.

[0050] In some embodiments, the binding partners are positioned along the scaffold
nucleic acid to yield loops and thus length changes that are detectable. These may include
loops that are about 40-100 base pairs, or about 100-1000 base pairs, or about 500-5000 base
pairs. The scaffold may be partially or fully single-stranded or partially or fully double-

stranded. The complex may comprise varying lengths of double-stranded regions.

[0051] The scaffold nucleic acid may comprise DNA, RNA, DNA analogs, RNA
analogs, or a combination thereof. In some instances, the binding partners are conjugated to a
scaffold nucleic acid via hybridization of oligonucleotides to the scaffold, wherein such

oligonucleotides are themselves conjugated to a binding partner. In some instances, the

scaffold nucleic acid is a DNA.

[0052] In some instances, then the scaffold nucleic acid may be hybridized to one, two
or more, including a plurality, of oligonucleotides. Each of the plurality of oligonucleotides
may hybridize to the scaffold nucleic acid in a sequence-specific and non-overlapping manner

(i.e., each oligonucleotide hybridizes to a distinct sequence in the scaffold).

[0053] The number of oligonucleotides hybridized to a particular scaffold may vary
depending on the application. Accordingly, there may be 2 or more oligonucleotides
hybridized to the scaffold, including 3, 4, 5, 6, 7, 8, 9, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100,
200, 300, 400, 500, 600, 700, 800, 900, or 1000 or more oligonucleotides.

[0054] In some instances, some oligonucleotides hybridized to the scaffold nucleic acid

will be unmodified. Unmodified oligonucleotides include oligonucleotides that are not linked
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to binding partners such as binding partners being tested (e.g., an antibody or an antigen). In
other instances, some or all the oligonucleotides hybridized to the scaffold may be modified.
Modified oligonucleotides include those that are linked to binding partners being tested (e.g., a
receptor and/or its ligand, an antibody and/or its antigen, etc.). Modified oligonucleotides may
also include those that are modified and thus used to immobilize the nanoswitch to a solid
support such as but not limited to a bead. Such modified oligonucleotides including
biotinylated oligonucleotides. Modified oligonucleotides may be referred to herein as
“variable” oligonucleotides since these oligonucleotides may be modified by linking to a

variety of binding partners depending on the method of use.

[0055] Regions comprising scaffold hybridized to modified oligonucleotides may be
referred to herein as “variable” regions and the remaining scaffold regions may be referred to

as “fixed” regions.

[0056] The scaffold-binding partner construct may be made in a number of ways
including through nicking of a double stranded nucleic acid to which binding partners are
conjugated (to one strand), or by hybridization of one or more oligonucleotides to the scaffold,

as described herein in greater detail.

[0057] In other instances, the binding partners may be conjugated to the scaffold

nucleic acid itself rather than to an oligonucleotide that is hybridized to the scaffold.

[0058] The spacing of binding partners, and thus in some instances of the modified (or
variable) oligonucleotides, along the length of the scaffold nucleic acid may vary. In some
embodiments, the nanoswitch may comprise two, three or four binding partners, and thus in
some embodiments variable regions (e.g., two or three or four modified oligonucleotides). As
an example, a nucleic acid nanoswitch may comprise two internal modified oligonucleotides.
The modified oligonucleotides internal to the nanoswitch may be linked individually to
members of a binding pair (i.e., each of the two oligonucleotides is linked to a member of the
binding pair such that the nanoswitch comprises the binding pair, with each member of the pair
on a different oligonucleotide). The internal modified oligonucleotides may be symmetrically
or quasi-symmetrically located around the center of the scaffold. In other words, they may be

positioned equi-distant from the center of the scaffold.

[0059] The distance between the binding pair members may be 300 base pairs, 200
base pairs, 150 base pairs, 100 base pairs, 80 base pairs, 60 base pairs, and 40 base pairs.
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[0060] Importantly, the distance between the binding partners will be used to
distinguish association and dissociation between binding partners linked to the nanoswitches.
This is because when the binding partners are associated with each other, a loop will be formed
comprising the nucleic acid sequence that exists between the binding partners. When the
binding partners are not associated to each other (i.e., unbound), then the loop does not form
and the complex length is different (i.e., longer). The nanoswitch configuration can be
determined by analyzing the migration of the nanoswitch through a matrix such as a gel in a
gel electrophoretic system. The unbound, linear form travels more rapidly than does the
bound, looped form. Thus, presence of an analyte of interest, to which the binding partners on
a single nanoswitch bind, will trigger the formation of a bound and looped nanoswitch. The
bound, looped nanoswitch will be distinguished from its unbound, linear counterpart based on

the difference in their migration distances through a gel or other pore-containing matrix.

[0061] It is to be understood that several variations on the nucleic acid nanoswitches
described herein. Typically, these variations all commonly comprise a nucleic acid
nanoswitches having two or more binding partners. The binding partners typically have
binding specificity for a common analyte. Several of the methods rely on the association
and/or dissociation of binding partners. A change in conformation of the nanoswitch (e.g.,
from an open to a closed conformation) provides information about the presence of the analyte.

The binding partners may be non-covalently or covalently bound to the scaffold.

[0062] In another variation, the nucleic acid complex comprises two binding partners
having binding specificity for a common analyte. The binding partners are physically separate
and thus spaced apart from each other (when not bound to the common analyte). When bound
to the common analyte, the nucleic acid nanoswitch assumes a looped (or closed or bound)
conformation having a different formation and thus a different “apparent” length (as for
example measured using migration through a gel electrophoresis system), compared to the

nucleic acid nanoswitch in an open (or unbound) conformation.

[0063] The invention further contemplates that a nucleic nanoswitches may comprise
more than two conjugated binding partners. The number of binding partners may be 2, 4, or
more. In some embodiments, pairs of binding partners are provided, with each pair having
binding specificity for a particular analyte. A single nanoswitch may comprise a binding pair
for a first analyte, which may be a test analyte, and a second binding pair for a second analyte,

which may be a control analyte. In this way, the nanoswitch may have a control reading as
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well as a test reading. For example, if the nanoswitch is used to measure a marker of ovulation
or pregnancy, then a first binding pair may bind to such marker and a second binding pair may
bind to a control protein or other moiety that will always be present in the sample being tested
(e.g., the urine) in order to establish to the end user that a sufficient quantity of sample was
applied to the system. The location or arrangement of the binding partners may vary and may
include serially positioned binding pairs or nested binding pairs, or combinations thereof. As
an example, assume that A1 and A2 are a binding pair (e.g., first and second binding partners)
and B1 and B2 are a different binding pair (e.g., third and fourth binding partners), then these
may be arranged as 5° — A1 — A2 — Bl - B2 — 3’, or they may be arranged as 5’ - A1 - B1 - B2
— A2 -3’. Alternatively, the test and control analytes may be assayed using different

nanoswitches that are nevertheless still run through the same gel system.

[0064] The nanoswitches comprise binding partners such as for example an antibody or
an antigen. The linkage between the nucleic acid and the binding partner may be covalent or
non-covalent depending on the strength of binding required for a particular application. They
may be generated by first incorporating a reactive group (or moiety) into the nucleic acid (or
into an oligonucleotide hybridized to the nucleic acid), and then reacting this group (or moiety)
with the binding partner of interest which may or may not be modified itself. Suitable reactive
groups are known in the art. Examples of reactive groups that can covalently conjugate to
other reactive groups (leading to an irreversible conjugation) include but are not limited to
amine groups (which react to, for example, esters to produce amides), carboxylic acids,
amides, carbonyls (such as aldehydes, ketones, acyl chlorides, carboxylic acids, esters and
amides) and alcohols. Those of ordinary skill in the art will be familiar with other “covalent”
reactive groups. Examples of reactive groups that non-covalently conjugate to other molecules
(leading to a reversible conjugation) include biotin and avidin or streptavidin reactive groups
(which react with each other), antibody (or antibody fragment) reactive groups and antigens,
receptors and receptor ligands, aptamers and aptamer ligands, nucleic acids and their
complements, and the like. Virtually any reactive group is amenable to the methods of the
invention, provided it participates in an interaction of sufficient affinity to prevent dissociation

of the binding partner from the nucleic acid nanoswitch.

[0065] It is to be understood that the scaffold nucleic acid and if used the
oligonucleotides may be DNA or RNA in nature, or some combination thereof, or some analog
or derivative thereof. The term nucleic acid refers to a polymeric form of nucleotides of any

length, including deoxyribonucleotides, ribonucleotides, or analogs thereof. In some
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embodiments, the nucleic acids will be DNA in nature, and may optionally comprise

modifications at their 5° end and/or their 3’ end.

[0066] In some embodiments, the binding partners may include without limitation
antibodies (or antibody fragments) and antigens, receptors and ligands, aptamers and aptamer
receptors, nucleic acids and their complements, and the like. This list is not intended to be
limited or exhaustive and other binding partners will be apparent and may be used in

conjunction with the nanoswitches described herein.

[0067] Various aspects of embodiments may be used alone, in combination, or in a
variety of arrangements not specifically discussed in the embodiments described in the
foregoing and is therefore not limited in its application to the details and arrangement of
components set forth in the foregoing description or illustrated in the drawings. For example,
aspects described in one embodiment may be combined in any manner with aspects described

in other embodiments.

[0068] Also, embodiments may be embodied as a method, of which an example has
been provided. The acts performed as part of the method may be ordered in any suitable way.
Accordingly, embodiments may be constructed in which acts are performed in an order
different than illustrated, which may include performing some acts simultaneously, even

though shown as sequential acts in illustrative embodiments.

[0069] The phraseology and terminology used herein is for the purpose of description

nn

and should not be regarded as limiting. The use of "including,” "comprising,”" or "having,"

9 el

“containing,” “involving,” and variations thereof herein, is meant to encompass the items

listed thereafter and equivalents thereof as well as additional items.

[0070] Having thus described at least one illustrative embodiment of the invention,
various alterations, modifications, and improvements will readily occur to those skilled in the
art. Such alterations, modifications, and improvements are intended to be within the spirit and
scope of the invention. Accordingly, the foregoing description is by way of example only and

is not intended as limiting.
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What is claimed is:
Claims
1. A diagnostic device configured to perform analysis of a human biological sample, the

diagnostic device comprising:

an input interface configured to receive the human biological sample from a user;

sample processing machinery configured to perform a gel electrophoresis process on a
mixture provided as input to the sample processing machinery, wherein the mixture includes
the received human biological sample combined with a plurality of nucleic acid nanoswitch
molecules, wherein the plurality of nucleic acid nanoswitch molecules are configured to bind
to at least one compound in the human biological sample, when present; and

an output interface configured to output a gel electrophoresis result based on the gel

electrophoresis process performed by the sample processing machinery.

2. The diagnostic device of claim 1, wherein the sample processing machinery comprises

a chamber that includes the plurality of nucleic acid nanoswitch molecules.

3. The diagnostic device of claim 2, wherein the chamber includes a fluid comprising the

plurality of nucleic acid nanoswitch molecules.

4. The diagnostic device of claim 2, wherein the chamber is coated with a substance that

includes the plurality of nucleic acid nanoswitch molecules.

5. The diagnostic device of claim 1, wherein the input interface is configured to connect

to a container to receive the human biological sample and/or the mixture.

6. The diagnostic device of claim 1, wherein the input interface comprises a wicking
material configured to provide the human biological sample to the sample processing

machinery.

7. The diagnostic device of claim 1, wherein the input interface comprises a sample
collection chamber configured to provide 5-50uL of the received human biological sample to

the sample processing machinery.
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8. The diagnostic device of claim 1, wherein the sample processing machinery further
comprises a gel substrate and power source configured to provide an electric field across the

gel substrate to perform the gel electrophoresis process.

9. The diagnostic device of claim 1, wherein the output interface comprises a transparent

window that enables viewing of the gel electrophoresis result through the window.

10. The diagnostic device of claim 1, wherein the output interface comprises a data
communications interface configured to output data corresponding to the gel electrophoresis

result to a computing device.

11. The diagnostic device of claim 10, wherein the computing device comprises a cellular

phone, a smartphone, or a tablet computer.

12. The diagnostic device of claim 10, wherein the computing device comprises at least one
network-connected computer, and wherein the output interface is configured to output the data
corresponding to the gel electrophoresis result to the at least one network-connected computer

via one or more networks.

13. The diagnostic device of claim 1, wherein the output interface comprises an indicator
provided on the device, wherein the indicator is configured to indicate the gel electrophoresis

result to the user.

14. The diagnostic device of claim 1, further comprising imaging components integrated
within the diagnostic device, wherein the imaging components are configured to capture an

image of the gel electrophoresis result.

15. The diagnostic device of claim 14, wherein the imaging components include at least

one radiation source and at least one radiation detector.

16. The diagnostic device of claim 15, wherein the imaging components further include at

least one filter arranged to filter photons detected by the at least one radiation detector.
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17. The diagnostic device of claim 14, wherein the output interface is configured to output

the image captured by the imaging components.

18. The diagnostic device of claim 14, further comprising at least one controller
programmed to control the imaging components to capture the image of the gel electrophoresis

result.

19. The diagnostic device of claim 1, wherein the human biological sample comprises urine

or serum.

20. The diagnostic device of claim 1, wherein the compound in the biological sample to
which the plurality of nucleic acid nanoswitch molecules are configured to bind is a compound

associated with one or more stages of human fertility.

21. A diagnostic system, comprising:

a sample collection device configured to receive a human biological sample;

a sample processing device configured to perform a gel electrophoresis process on the
sample received by the sample collection device; and

an imaging device configured to capture an image of a gel electrophoresis result

produced by the gel electrophoresis process.

22. The diagnostic system of claim 21, further comprising a mixing chamber, wherein the
mixing chamber is configured to combine at least a portion of the received human biological
sample with a plurality of nucleic acid nanoswitch molecules into a mixture, wherein the
plurality of nucleic acid nanoswitch molecules are configured to bind to at least one compound

in the at least a portion of the human biological sample, when present.

23. The diagnostic system of claim 22, wherein the mixing chamber is further configured to

incubate the mixture for a predetermined amount of time.

24. The diagnostic system of claim 23, further comprising timing circuitry configured to

determine when the mixture has incubated for the predetermined amount of time.
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25. The diagnostic system of claim 22, wherein the mixing chamber is integrated as a

portion of the sample collection device.

26. The diagnostic system of claim 22, wherein the mixing chamber is integrated as a

portion of the sample processing device.

27. The diagnostic system of claim 22, wherein the mixing chamber includes a fluid

comprising the nucleic acid nanoswitch molecules.

28. The diagnostic system of claim 22, wherein the mixing chamber is coated with a

substance comprising the nucleic acid nanoswitch molecules.

29. The diagnostic system of claim 21, wherein the imaging device is integrated in a
portable computing device, wherein the imaging device includes a camera and at least one light

source.

30. The diagnostic system of claim 29, wherein the at least one light source comprises a

flash for the camera.

31. The diagnostic system of claim 21, further comprising a power source configured to

generate an electric field across a gel used for the gel electrophoresis process.

32. The diagnostic system of claim 31, wherein the power source is integrated with the

sample processing device.

33. The diagnostic system of claim 31, wherein the power source is integrated with the

imaging device.
34. The diagnostic system of claim 21, further comprising a network interface configured
to transfer data corresponding to a gel electrophoresis result provided by the gel

electrophoresis process to a computing device via one or more networks.

35. A high-throughput sample analyzer, comprising:
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an input interface configured to receive a plurality of human biological samples;

sample processing machinery configured to perform a gel electrophoresis process for
each of the received plurality of human biological samples, wherein the sample processing
machinery includes a plurality of gel electrophoresis tracks, each of which is configured to
interface with a mixture including one of the received human biological samples combined
with a plurality of nucleic acid nanoswitch molecules, wherein the plurality of nucleic acid
nanoswitch molecules are configured to bind to at least one compound in the human biological
sample, when present; and

an output interface configured to output a gel electrophoresis result for each of the
plurality of gel electrophoresis tracks based on the gel electrophoresis process performed by

the sample processing machinery.
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