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(57) Abrégée/Abstract:

The present invention describes microfluidics being employed to achieve multiplex surface functionalization of nanosensor chips by
selectively delivering probe molecules to individual nanosensors in an array, and microfluidics being employed to achieve delivery of
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a solution containing multiple analytes over individual nanosensors In an array, where each nanosensor was previously configured
with a specific capture molecule.
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NMICROFLUIDIC INTEGRATION WITH NANOSENSOR PLATFORM
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FIELD OF THE INVENTION

This invention relates to the field of bictechnology in general. More specifically,
the invention relates to microfluidics being employed to achieve muitiplex surface

functionalization of nanosensor chips by selectively delivering probe molecules to
individual nanosensors in an array. This invention also relates to microfluidics being

employed to achieve delivery of a solution containing multiple analytes over individual

nanosensors in an array, where each nanosensor was previously configured with a

specific capture molecule.

BACKGROUND

The following description includes
information that may be useful in understanding the present invention. Itis not.an
admission that any of the information provided herein is prior art or relevant to the
presently claimed invention, or that any publication specifically or implicitly referenced is
prior art.

One of the challenges in the field of nanesensors is to have the capability to
simultaneously detect multiple targets with an array of sensors on one chip. Although
there have been.various attempts to develop a device with such a capability, most of
these approaches have been problematic. For example, the nanosensor device may be

limited to only a small number of sensors with large spacing.

Thus, there is a need in the art to develop novel devices with the capacity 10

simultaneously detect multiple targets.

SUMMARY OF THE INVENTION
Various embodiments include an apparatus for mulitplex detection of molecules,
comprising a microfluidic device, and a plurality of nanosensor arrays integrated
therewith, wheré the plurality of nanosensor arrays are selectively _functionalized with
one or more capture agents. In another embodiment, the plurality of nanosensor arrays
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comprise nanowire/nanotube based field-effect transistors. In another embodiment, the
nanowire/nanotube based field-effect transistors are coated with succinimidy! group.

Other embodiments provide a method of preparing a nanosensor chip for
multiplex surface functionalization, comprising integrating a microfluidic device with a
nanosensor array, and selectively delivering a probe to the nanosensor array. In
another embodiment, the probe comprises a polynucleotide and/or a polypeptide. In
another embodiment, the nanosensor array comprises a field effect transistor.

Other embodiments provide an apparatus for multiplexed delivery of an analyte,
comprising a microfluidic device integrated with a plurality of nanosensor arrays, where
the microfluidic device is configured for delivery of a solution containing multiple
analytes to the plurality of nanosensor arrays. In another embodiment, each of the
plurality of nanosensor arrays are separated from one another by a distance of at least
one micron. |

Various embodiments provide a device configured for individual addressability of
nonsensors for purposes of functionalization, delivery and/or measurement, comprising
a microfluidic array integrated with a nanosensor array. In another embodiment, the
microfluidic array is configured for flexible selection of a subset of the nanosensor array.

In another embodiment, the subset of the nanosensor array contains a plurality of
Nnanosensors.

Other embodiments provide a method for individually functionalizing a
nanosensor, comprising integrating a microfluidic array with a nanosensor array, and
functionalizing at least one nanosensor in the nanosensor array. In another
embodiment, the at least one nanosensor is functionalized by controlling local
temperature. In another embodiment, the at least one nanosensor is functionalized by
photoexposure. In another embodiment, the at least one nanosensor is functionalized
by electrical potential biasing. In another embodiment, the at least one nanosensor is
functionalized by chemical specificity.

Other features and advantages of the invention will become apparent from the
following detailed description, taken in conjunction with the accompanying drawings,
which illustrate, by way of example, various embodiments of the invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

Exemplary embodiments are illustrated in referenced figures. Itis intended that
the embodiments and figures disclosed herein are considered illustrative rather than
restrictive.

Figure 1A depicts, in accordance with an embodiment described herein, is a flow
diagram for the microfluidic system, depicting both control lines and sample/reagent
lines.

Figures 1B-1C depicts, in accordance with an embodiment described herein, are
schematic diagrams of the core of the system. Sensors are shown as elipses; sample
chambers or coliseumns are shown as rectangles; the sample is circulated around the
rectangular path; and the reagent lines, which can be used to selectively treat FETs to
form a multiplexed sensor array, are shown as vertical bars. These reagent lines can
be used to selectively treat field effect transistors to form a multiplexed sensor array.

Figure 2 depicts, in accordance with an embodiment described herein, various
optical micrographs. (a) depicts optical micrographs of the nanobiosensor chip; (b)
depicts optical micrographs of the microfluidics device; (C) depicts optical micrographs
of the nanobiosensor chip combined with the microfluidics device; (d) depicts optical
micrograph of nanobiosensors inside the microchannels. The inset of figure 2(d) depicts

a magnified image of one device.
DETAILED DESCRIPTION OF THE INVENTION

Unless defined otherwise, technical and scientific terms used

herein have the same meaning as commonly understood by one of ordinary skill in the
art to which this invention belongs. Singleton et al., Dictionary of Microbiology and
Molecular Biology 3™ ed., J. Wiley & Sons (New York, NY 2001); March, Advanced
Organic Chemistry Reactions, Mechanisms and Structure 5" ed., J. Wiley & Sons (New
York, NY 2001); and Sambrook and Russel, Molecular Cloning: A Laboratory Manual
3rd ed., Cold Spring Harbor Laboratory Press (Cold Spring Harbor, NY 2001), provide
one skilled in the art with a general guide to many of the terms used in the present

application.
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One skilled in the art will recognize many methods and materials similar or
equivalent to those described herein, which could be used in the practice of the present
invention. Indeed, the present invention is in no way limited to the methods and
materials described. For purposes of the present invention, the following terms are
defined below.

“Therapeutically effective amount” as used herein refers to that amount which is
capable of achieving beneficial results in a patient in need of treatment. A
therapeutically effective amount can be determined on an individual basis and wil be
based, at least in part, on consideration of the physiological characteristics of the
mammal, the type of delivery system or therapeutic technique used and the time of
administration relative to the progression of the disease.

As used herein, “FET” means field effect transistor.

As used herein, “PDMS” means elastomer polydimethyisiloxane.

As disclosed herein, the inventors employed microfluidics to achieve multiplex
surface tunctionalization of a nanosensor chip by selectively delivering probe molecules

to individual nanosensors in an array. Examples are disclosed herein as figures 1 and

2. By selectively functionalizing nanosensors with different capturing agents, the

inventors are able to achieve multiplex detection. Additionally, as a result, the inventors
are able to fabricate a large number of nanosensors with spacing of only several
micrometers.

As further disclosed herein, the first step in the fabrication is to prepare arrays of
24 nanowire/nanotube based field-effect transistors (FETs) into a 3 mm x 6 mm space
on the substrate, making the interdevice spacing compatible with PDMS based
microfluidics. As depicted in figures 1 and 2, each device is independently addressable,
electrically and by reagents and samples within the microfluidic block. The FET array,
coated with succinimidyl group through a chemical deposition step, is fused to the
microfluidic block, and the individual capturing agents are then delivered to the FETs via
the reagent delivery channels (see vertical lines in Figure 1). The eight devices along
the lines served by A1/F1 will be treated with the same agent, as will those along A2/F2
and along A3/F3. After treatment with the recognition agent, the reagent channel will be
filled with aminoethanol to deactivate and remaining succinimidyl groups, preventing
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any surface reaction with non-target proteins in the sample. Thus, the six devices in
each. coliseum will be composed of three sets of different nanosensors (two for each
analyte). A sample will be loaded into a given coliseum and the conductance of the six
devices monitored over time. The sample will be circulated in the coliseum until a
constant reading is observed for each device, indicating that it is at equilibrium with the
sample (with respect to analyte binding). o

As disclosed herein, the inventors integrated a microfluidic device with
nanosensors. As depicted in Figure 1(a), control lines include lines from P1, P2, and
P3, and sample/reagent lines include lines from SB, S1, S2, S3, S4, SE1, SE2, SE3,

SE4, DE, DB, A1, F1, A2, F2, A3, and F3. The S1.and SE1, S2 and SE2, S3 and SES3,

and S4 and SE4, are each directly connected to each other by lines that form a
rectangle, each rectangle called a coliseum. The flow lines and sensors have
interactions via each of the coliseums depicted, with four coliseums depicted and each
coliseum covering six sensors, as also depicted in figure 1(b) and 1(c). All four
coliseums are connected to lines from SB. Each of the six sensors are connected to
three vertical lines, as also depicted in figure 1(b) and 1(c). These three vertical lines
directly connect DE to DB, A1, F1, A2, F2, A3, and F3.

]n one embodiment, the present invention provides an apparatus for mulitplex
detection of molecules where a microfluidic device is integrated with a plurality of
nanosensor arrays selectively functionalized with one or more capture agents.

‘ In one embodiment, the present invention provides a method of multiplex
functionalization and/or multiplex delivery of probe molecules to a nanosensor platform.
In another embodiment, the present invention provides a microfluidic device integrated
with a nanosensor platform, where a nanosensor chip is functionalized by selectively
delivering probe molecules to individual nanosensors in an array. In another
embodiment, the nanosensors are spaced by only several micrometers. In another
embodiment, the microfluidic device integrated with a nanosensor platform is used for
muitiplex detection of a molecule of interest. In another embodiment, the microfluidic
device integrated with a nanosensor platform is used for multiplex detection of a
disease and/or condition.
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In another embodiment, the present invention provides a method of preparing a
microfluidic device with integrated nanosensor platform by the following, or
combinations thereof: (1) Prepare arrays of 24 nanowire/nanotube based figld-effect
transistors (FETs) into a 3 mm x 6 mm space on the substrate, making the interdevice

‘spacing compatible with PDMS based microfluidics: (2) The FET array, coated with

succinimidyl group through a chemical deposition step, is fused to the microfluidic block.
and the individual capturing agents are then delivered to the FETSs via the reagent
delivery channels (see vertical lines in Figure 1); (3) The e‘igl‘it devices along the lines
served by A1/F1 will be treated with the same agent, as will those along A2/F2 and |
along A3/F3. (4) After treatment with the recognition agent, the reagent channel will be
filled with aminoethanol to deactivate and remaining su‘CCi_'nimidyl groups, preventing
any surface reaction with non-target proteins in the sample; (5) A sample will be loaded
into a given coliseum and the conductance of the six devices monitored over tifne; (6)
The sample will be circulated in the coliseum until a constant reading is observed for
each device, indicating that it is at equilibrium with the sample (with respect to analyte
binding).

As disclosed herein, the inventors employed a microfluidic device to achieve
delivery of a solution containing multiple analytes over individual nanosensors in an
array, where each nanosensor was previously configured with a specific capture
molecule. The integrated microfluidic device with a nanowire sensor chip allows the
delivery of the solution to individual nanosensors in a large array. Moreover, the analyte
solution will be delivered to several coliseums (see rectangles in figure 1), each one
covering six sensors. The solution will then be circulated in these coliseums until a
constant reading Is observed for each device. In this way, the chance of capturing
analyte molecules from solution can be largely increased and thus a higher sensitivity
can be expected.

In one embodiment, the present invention provides a method of multiplex
detection of biomarkers and/or multiplexed analyte delivery to a nanosensor device. In
one embodiment, the present invention provides a microfluidic device integrated with a
nanosensor plattorm, where microfluidics are employed to achieve delivery of a solution

containing multiple analytes over individual nanosensors in an array. In another
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embodiment, the present invention provides a method of preparing a microfluidic device
with integrated nanosensor platform by the following, or combinations thereof: (1)
prepare arrays of 24 nanowire/nanotube based field-effect transistors (FETSs) into a 3
mm x 6 mm space on the substrate, making the interdevice spacing compatible with
PDMS based microfluidics; (2) each nanowire FET in the array is functionalized with the
appropriate probe molecule; and (3) a sample is loaded into a given coliseum and the
conductance of the six devices is monitored over time. ‘

In accordance with various embodiments described herein, there are numerous
advantages to microfluidic integration with a nanosensor platform. Furthermore, as
readily apparent to one of skill in the art, various embodiments described herein may be
modified using techniqgues known in the art to more fully capture these advantages,
including: parallelism of functionalization, delivery, and measurement; parsimohy of
reagents and samples use; parsimony of sample allowing the ability to test pediatric

- patients (which may have less blood than adults, thus preventing the use of more

standard tests); parsimony of sample allowing fingerprick diagnostics (which avoids
phlebotomy and related complications); reduction of costs due to inexpensive point-of-
care testing.

Other features and advantages of the invention will become apparent from the
following detailed description, which illustrate, by way of example, various features of
embodiments of the invention.

EXAMPLES
The following examples are provided to better illustrate the claimed invention and
are not to be interpreted as limiting the scope of the invention. To the extent that
specific materials are mentioned, it is merely for purposes of illustration and is not
intended to limit the invention. One skilled in the art may develop equivalent means or
reactants without the exercise of inventive capacity and without departing from the

scope of the invention.

Example 1
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Multiplex functionalization/multiplex delivery of probe molecules to nanosensor
platforms: Advantages

Microfluidics will be employed to achieve multiplex surface functionalization of
nanosensor chips by selectively delivering probe molecules to individual nanosensors in
an array. Microfluidic technique has been utilized to define surface chemistry on bulk
materials, e.g. printing protein arrays on epoxide substrates for immunoassays. But it
has never been used to coat individual nanosensors in an array to achieve selective |
functionalization. This novel approach will provide several benefits. First of all,
microfluidic channels fabricated in micro meters can be integrated with dense arrays of
nanosensors with dimensions and spacing in the same scale, and thus enables the
construction of large number of selective functionalized sensors on a small chip for the
purpose of mhltiplex detection. It also gives complete isolation of adjacent devices,
preventing any change of inadvertent contamination of neighboring devices. Second,
the delivery of capturing reagents and analyte solutions is controlled by a nested layer
of vials, which can be open and closed by changing the pressure of air in these vials.
This method will allow one to selectively target individual devices, without the need for
complicated masking strategies, micropipetting manipulation or other methods hat
would increase the complication-and cost associated with fabricating multiplexed arrays.
Third, the microfluidic approach has the added advantage of requiring only small
reagent volumes. The microfiuidic approach to surface coating devices with the
recognition agent will require far less reagent than conventional methods. For some
recognition agents, the amount of materials available for surface coating the sensors
may be severely limited, making the ability to efficiently coat devices with volumes in the
range of tens of nanoliters very important. Last, the flowing of sample solutions in
narrow channels accelerate the diffusion of analyte molecules to the surface of
nanosensors, and will largely decrease the response time.

Example 2
Multiplex functionalization/multiplex delivery of probe molecules to nanosensor

platforms: Methods of making and using
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The first step in fabrication is to prepare afrays of 24 nanowire/nanotube based
field-effect transistors (FETs) into a 3 mm x 6 mm space on the substrate, making the
interdevice spacing compatible with PDMS based microfluidics. Each device is
independently addressable, electrically and by reagents and samples within the
microfluidic block. The FET array, coated with succinimidyl group through a chemical
deposition step, is fused to the microfluidic block, and the individual capturing agents
are then delivered to the FETs via the reagent delivery channels (see vertical lines in
Figure 1). The eight devices along the lines served by A1/F1 Will be treated with the
same agent, as will those along A2/F2 and along A3/F3. After treatment with the
recognition agent, the reagent channel will be filled with aminoethanol to deactivate and
remaining succinimidyl groups, preventing any surface reaction with non-target proteins
in the sample. Thus, the six devices in each coliseum will be composed of three sets of
different nanosensors (two for each analyte). A sample will be loaded into-a given
coliseum and the conductance of the six devices monitored over time. The sample will
be circulated in the coliseum until a constant reading is observed for each device,
indicating that it is at equilibrium with the sample (with respect to analyte binding).

Example 3
Multiplex detection of biomarkers/multiplexed analyte delivery to nanosensor devices:

| Advantages |

Microfluidics will be employed to achieve delivery of a solution containing multiple
analytes over individual nanosensors in an array, where each nanosensor was
previously configured with a specific capture molecule. The integrated microfluidic
device with a nanowire sensor chip allows the delivery of the solution to individual
nanosensors in a large array. Moreover, the analyte solution will be delivered to several
coliseums (see rectangles in figure 1), each one covering six sensors. The solution will
then be circulated in these coliseums until a constant reading is observed for each
device. In this way, the chance of capturing analyte molecules from solution can be
largely increased and thus a higher sensitivity can be expected.

Example 4
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5 Multiplex detection of biomarkers/multiplexed analyte delivery to nanosensor devices:
Methods of making and using
1. The first step in fabrication is to prepare arrays of 24 nanowire/nanotube based field-
effect transistors (FETs) into a 3 mm x 6 mm space on the substrate, making the
interdevice spacing compatible with PDMS based microfluidics.

10 2. Each device is independently addressed either electrically and by reagents and
samples within the microfluidic block. Each nanowire FET in the array is thus
functionalized with the appropriate probe molecule.

3. A sample will be loaded into a given coliseum and the conductance of the six
devices monitored over time. The sample will be circulated in the coliseum until a

15 constant reading is observed for each device, indicating that it is at equilibrium with

the sample (with respect to anaiyte binding).

The scope of the claims should not be limited by the preterred embodiments set

forth in the examples, but should be given the broadest interpretation consistent with the

o description as a whole.

- 10 -
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CLAIMS

1. An apparatus for mulitplex detection of molecules, comprising:

a microfluidic device comprising at least two chambers, each individual chamber
is configured to address at least one nanosensor of a nanosensor array; and

a plurality of nanosensor arrays integrated therewith,
wherein the plurality of nanosensor arrays are selectively functionalized with one

or more capture agents, and wherein the at least two chambers are connected by at

least one channel.

2. The apparatus of claim 1, wherein the plurality of nanosensor arrays comprise

nanowire/nanotube based field-effect transistors.

3. The apparatus of claim 2, wherein the nanowire/nanotube based field-effect

transistors are coated with an agent comprising a succinimidy! group.

4. A method of preparing a nanosensor chip for multiplex surface functionalization,
comprising:

integrating a microfluidic device with a nanosensor array, wherein the microfluidic
device comprises at least two chambers, each chamber is configured to address at
least one nanosensor in the nanosensory array, wherein the at least two chambers are

connected by at least one channel; and

selectively delivering a probe to the nanosensor array by loading the probe into

the at least one channel.

5. The method of claim 4, wherein the probe comprises a polynucleotide and/or a

polypeptide.

6. The method of claim 4, wherein the nanosensor array comprises a field effect

transistor.

7. An apparatus for multiplexed delivery of an analyte, comprising:
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a microfluidic device integrated with a plurality of nanosensor arrays,

wherein the microfluidic device comprises at least two chambers, each chamber
is configured to address at least one nanosensor Iin the nanosensor array, wherein the
at least two chambers are connected by at least one channel for delivery of a reagent,
and wherein each individual chamber is connected to an additional channel for loading

of a sample solution comprising multiple analytes to the plurality of nanosensor arrays.

8. The apparatus of claim 7, wherein each of the plurality of nanosensor arrays are

separated from one another by a distance of at least one micron.

9. A device configured for individual addressability of nanosensors for purposes of
functionalization, delivery and/or measurement, comprising:

a microfluidic array integrated with a nanosensor array, wherein the microarray
array comprises at least one microfluidic device comprising at least two chambers, each
individual chamber configured to individually address at least one nanosensor in the
nanosensor array, and wherein the at least two chambers are connected by at least one

channel.

10. The device of claim 9, wherein the microfluidic array is configured for flexible

selection of a subset of the nanosensor array.

11.  The device of claim 10, wherein the subset of the nanosensor array comprises a

plurality of nanosensors.

12. A method for individually functionalizing a nanosensor, comprising:

integrating a microfluidic array with a nanosensor array, wherein the microarray
array comprises at least one microfluidic device comprising at least two chambers, each
individual chamber configured to individually address at least one nanosensor in the
nanosensor array, and wherein the at least two chambers are connected by at least one
channel; and

functionalizing at least one nanosensor in the nanosensor array.
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13. The method of claim 12, wherein the at least one nanosensor is functionalized by

controlling local temperature.

14. The method of claim 12, wherein the at least one nanosensor is functionalized by

photoexposure.

15.  The method of claim 12, wherein the at least one nanosensor is functionalized by

electrical potential biasing.

16. The method of claim 12, wherein the at least one nanosensor is functionalized by

chemical specificity.
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Figure 2(a)
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