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Systems and Methods of Delivering Target Molecules to a Nanopore

Background

There is a pressing demand for tools that can simultaneously analyze multiple target
molecules (including biomarkers), such as nucleic acids, proteins, and metabolites. In particular, such
tools are needed to analyze a variety of genomic and proteomic biomarkers with high specificity and
sensitivity at ultra-low concentrations [1-5]. These tools are particularly needed for early disease
detection and personalized medicine.

Direct detection of multiple target molecules within a single sample has significant
advantages over molecule specific assays, such as DNA amplification and/or protein sandwich
assays.

Technologies that detect multiple types of molecules by single-molecule detection and
analysis have matured in recent years [13-29], and now forms the core of many next-generation
molecular analysis technologies. While most approaches, both on the research and commercial side,
have used fluorescent labels, [13-20,27-29,30-32], non-optical techniques have recently gained
prominence. One such example involves the electrical detection of single analytes using nanopores
in which modulations of ionic current across a nanoscale opening are used to detect particles
passing through the pore [33-37]. Such devices can analyze a diverse range of target molecules,
some without the need for a fluorescent or other label. While current applications focus on nucleic
acid sequencing, the methodologies are also being used for other types of target molecules such as

proteins and small molecules [38,39].

Summary

Disclosed herein are systems and methods that use modulations of ionic current across a
nanoscale pore (nanopore) in a membrane to detect (including identifying, and/or counting) target
molecules passing through the nanopore. This principle has been applied mainly to nucleic acid
sequencing, but can also be used to detect other molecular targets such as proteins and small
molecules. A challenge faced by nanopore devices is the inefficient delivery of a sufficient number of
target molecules to an area sufficiently close to the pore that electrophoretic capture and detection
of the target molecules can be achieved. This inefficient delivery limits the throughput (the time of
analysis and/or the number of target molecules detected per unit time) and the limit of detection of
any assay for a target molecule. Biomarkers that occur in samples at femto- to atto-molar
concentrations are unlikely to be detectable without a more efficient delivery of target molecules to
the nanopore. [40-45].

Disclosed herein are systems and methods that deliver target molecules to a nanopore to

provide label-free single molecule analysis using a chip-based system. The systems and methods
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involve the concentration of target molecules on microscale carrier beads. The beads are then
delivered and optically trapped in an area that is within the capture radius of the nanopore. The
target molecules are released from the beads and detected using nanopore current modulation. This
approach can locally increase the analyte concentration by up to 10° times, resulting in enhanced
throughput and far lower limits of detection than can be achieved using current methods.

Disclosed herein is a system that combines sample preparation (e.g. purification, extraction,
and pre-concentration) with nanopore-based readout on a microfluidic chip. In some aspects, a
valve-based microfluidic chip using solid-phase extraction loads target analytes onto carrier beads
with high specificity. This results in the concentration of targets from mL-scale starting volumes onto
beads in order to access clinically relevant concentration ranges in the femto- and attomolar range.

Disclosed herein is a system that involves specifically binding target molecules to carrier
beads and positioning the particles within the capture volume of a nanopore using a chip-based
microfluidic platform that has been proven to handle specific detection of molecular targets from
milliliters of raw sample. In some examples, the microfluidic platform comprises an optofluidic
platform as described in US 9,267,891. The target molecules are then released from the beads and
detected using the nanopore. The disclosed devices, systems, and methods result in an
improvement by up to six orders of magnitude in nanopore capture rate of compared to that of a

bulk solution.

Brief Description of the Several Views of the Drawings

Figure 1 is a set of two drawings illustrating an embodiment of the disclosed device. The left
panel illustrates microbeads carrying target molecules that are concentrated near a nanopore by
optical trapping on an optofluidic chip. The right panel illustrates target molecules that are released
from carrier beads in close proximity to the nanopore capture volume. The target molecules
released from carrier beads are detected a faster rate as they pass through the pore.

Figure 2A is a set of two top panels and a bottom panel that illustrate the principle behind
nanopore detection. In particular, a particle moving through a nanopore under applied bias (top left
and top right panels) causes a change in ionic current across membrane (bottom panel).

Figure 2b is an illustration of the concept of a capture volume around a nanopore in which target
molecules experience a sufficiently strong electric force that they move through the pore.

Figure 3Ais a drawing of an optofluidic chip layout (top left) with two images of waveguide
cross sections with optical modes (bottom right). Arrows indicate areas on the chip where the
images were obtained.

Figure 3B is an image of a hybrid optofluidic system that combines sample preparation and

analysis [65].
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Figure 3Cis a graph showing concentration dependent amplification free detection of Ebola
virus RNA’s using the optofluidic chips of Figure 3A and 3B [65].

Figure 4A is a drawing showing a schematic view of nanopore placement and applied voltage
to effect particle translocations into fluidic channel.

Figure 4B is an image showing nanopore integration via combination of wide micropore and
ion-beam milled nanopore in thin nitride or oxide membrane above channel.

Figure 4C is a top-down view of 20nm nanopore used for single-molecule DNA detection
[68].

Figure 4D is a trace showing detection of individual labeled HIN1 viruses on an optofluidic
chip [67,69].

Figure 5A is a set of two plots showing viral RNA and interferon protein loads in marmosets
during ZIKV infection [8].

Figure 5B is a depiction of bead-based constructs for solid-phase extraction of Zika nucleic
acid and protein biomarkers.

Figure 5C is a plot showing results from spectrally multiplexed optical detection of the beads
depicted in Figure 5B with attached target molecules and labels on optofluidic platform.

Figure 6 illustrates the elements of a lab-on-chip system for molecular analysis.

Figure 7A is a schematic of optical particle trapping on an optofluidic chip using counter-
propagating beams (purple) [90].

Figure 7B is the trapping of a single fluorescent microbead using the trap depicted in Figure
7A.

Figure 7C is the trapping of approximately 120 fluorescent microbeads using the trap
depicted in Figure 7A. For both Figures 7B and 7C, the beads are visualized by using excitation
fluorescence with a crossing waveguide (green arrow) as described in [90 and 91].

Figure 8A (left panel) is a top-down view of optofluidic chip: a laser beam guided through a
channel (trapping beam) traps microbeads against channel wall; top right image: 250 fluorescent
beads trapped using the trapping beam; bottom right image: beads were released without clogging
by turning off the trapping beam.

Figure 8B is a side view of an optofluidic chip with a nanopore over the trapping location;
targets are then released from beads within the capture radius of pore and detected using the
nanopore.

Figure 9A is an image of trapping region with 5 beads trapped under a micro = nanopore;
the inset shows the bead functionalized with the DNA construct for capture. The pulldown oligo is

complexed with the bead, while the target molecule is hybridized to the pulldown molecule.
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Figure 9B shows the time-dependent current across nanopore after the release of the target
molecule. Target molecules were released using heat.

Figure 9C is a plot depicting the capture rate improvement as a function of the number of
trapped beads (relative to unconcentrated bulk solution).

Figure 9D is a schematic view of partial diffusive target dispersion as result of delay between
release of the targets from the beads and nanopore detection.

Figure 10A illustrates construct for nanopore-based detection of Zika NS-1 protein.

Figure 10B is a graph showing partial segment observation of current blockades after
thermal NS-1 target release off chip.

Figure 10C is a scatter plot of 4,652 translocation events.

Figure 11A illustrates the operational principle of lifting-gate microvalve [88,89].

Figure 11B illustrates an example arrangement of microvalves into an interconnected
network (“automaton”) with 0.1-1uL operating volume per valve.

Figure 11C is a graph showing the results when the automaton of Figure 11B is used for DNA
pre-concentration onto magnetic beads [65]. Fluorescently labeled targets were concentrated by

335x from 3mL into a test volume of 5pulL for dramatic increase in optical detection rate.

Detailed Description

Detection of a target molecule by a device comprising a nanopore (a nanopore device)
means that the passage of the molecule through the nanopore results in the nanopore device
generating a signal. The signal identifies the target molecule passing through the nanopore in that
the signal that results from a first target molecule passing through the nanopore can be
distinguished from the signal that results from a second target molecule passing through the
nanopore. Detection of the target molecule can also involve counting the number of the first and/or
second target molecule that pass through the nanopore. One type of target molecule is a biomarker.
A biomarker can be any molecular, biological or physical attribute that characterizes a physiological
or cellular state and that can be objectively measured to detect or define disease progression or
predict or quantify therapeutic responses. A biomarker can be any molecular structure produced by
a cell or organism. A biomarker can be expressed inside any cell or tissue, accessible on the surface
of a tissue or cell, structurally inherent to a cell or tissue such as a structural component, secreted by
a cell or tissue, produced by the breakdown of a cell or tissue through processes such as necrosis,
apoptosis or the like, or any combination of these. A biomarker may be any protein, carbohydrate,
fat, nucleic acid (including DNA or RNA), catalytic site, or any combination of these such as an
enzyme, glycoprotein, cell membrane, virus, cell, organ, organelle, or any uni- or multimolecular

structure or any other such structure now known or yet to be disclosed whether alone or in
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combination. A biomarker can be represented by the sequence of a nucleic acid, a sequence of a
protein, or any other chemical structure.

As disclosed herein, a target molecule can be any molecule, nanoparticle, or other structure
that can be detected using a nanopore device. Target molecules include nucleic acids such as DNA or
RNA, proteins, peptides, small molecules (including naturally occurring and artificial small
molecules), or any other molecule that can pass through a nanopore.

An antibody is a polypeptide including at least a light chain or heavy chain immunoglobulin
variable region which specifically recognizes and binds an epitope of an antigen or a fragment
thereof. Antibodies are composed of a heavy and a light chain, each of which has a variable region,
termed the variable heavy (VH) region and the variable light (VL) region. Together, the VH region and
the VL region are responsible for binding the antigen recognized by the antibody. The
term antibody includes intact immunoglobulins, as well the variants and portions thereof, such as
Fab' fragments, F(ab)'2 fragments, single chain Fv proteins (“scFv”), and disulfide stabilized Fv
proteins (“dsFv”). A scFv protein is a fusion protein in which a light chain variable region of an
immunoglobulin and a heavy chain variable region of an immunoglobulin are bound by a linker,
while in dsFvs, the chains have been mutated to introduce a disulfide bond to stabilize the
association of the chains. The term also includes genetically engineered forms such as
chimeric antibodies, heteroconjugate antibodies (such as, bispecific antibodies).

A nanopore can be any pore less than about 1 micron in diameter, including at least 1 nm, at
least 5 nm, at least 10 nm, at least 20 nm, at least 50 nm, at least 100 nm, at least 250 nm, at least
500 nm, at least 750 nm, or at least 9300 nm. Nanopores can be 1 nm — 1 micron in diameter, 1 nm —
100 nm, 2 nm =50 nm, 5 nm—-20nm, 10 nm—-20 nm, 10 nm —50 nm, 20 nm — 75 nm, 40 nm — 60
nm, or any intervening range of the aforementioned ranges. A nanopore also includes a pore that is
less than 1 pm in diameter on one side of a membrane and greater than 1 pum in diameter on the
other side of the membrane.

Binding or stable binding: An association between two substances or molecules, such as the
association of a target molecule with a capture molecule conjugated, for example to a bead. Binding
can be detected by any procedure known to one skilled in the art, such as by physical or functional

properties.

Chip-Based Optofluidic Platforms

The disclosed systems and methods involve a chip-based optofluidic platform that has been

shown to enable both electrical and optical single molecule detection and can be integrated with up-
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stream sample processing [58-70]. Fig. 3a shows a sample implementation that enables highly
efficient interaction of light with molecular targets on a silicon chip.

Figure 3A shows images of liquid-core waveguides with core dimensions of 5 pm x 12pum
(see SEM image with super-imposed image of the guided optical mode) that are interfaced with
solid-core ARROW waveguides (Figure 3A) at different points of the liquid core [58-60]. The channels
and waveguides are created using standard microfabrication techniques involving deposition of
dielectric layers in combination with sacrificial layer etching. This approach has been proven using
different materials {e.g. SiO3, SiN, Ta20s) and core shapes [71-77]. For fluorescence detection,
excitation light (green arrow) enters the liquid core through an orthogonally intersecting solid-core
ARROW where individual targets are excited in femtoliter excitation volumes. Their fluorescence
(red arrow) is collected perpendicularly in the chip plane and efficiently guided along the liquid-core
channels [62]. This detection chip can be combined with a PDMS-based microfluidic chip (Figure 2B).
The PDMS chip can perform different sample preparation steps [63-65] and can be connected to the
optical chip directly or via tubing as shown. This system can be used to detect specific molecules,
including amplification-free, highly specific detection of Ebola virus RNAs from clinical samples

[65,78,79], individual virus particles [66], and multiplexed cancer biomarkers [69].

Nanopore Detection Principle and Limitations for High Throughput/low LoD

Fig. 2A illustrates the principle of nanopore-based molecular analysis. Two chambers are
separated by a membrane that contains a nanoscopic opening — the nanopore. lonic current flowing
between the two chambers is modulated if a particle passes through and at least partially obstructs
the opening. In the bottom panel of Figure 2A, a reduction in current {(blockade) is shown, but
increased current can also be observed depending on factors related to the nanopore, the charge,
and the analyte passing through the pore [47]. As described herein, a “blockade” means any
measurable change in current upon particle translocation through the nanopore.

This detection principle was first demonstrated using “biological” pores (e.g. a-hemolysin
proteins embedded in a lipid membrane) [21,33]. Over the last 15 years, “solid-state” pores have
been created in inorganic membranes using various nanofabrication techniques. Solid-state pores
are more robust than their biological counterparts and can be fabricated with different diameters
that can be adapted to a wide range of target sizes from single DNAs to large nanospheres [48-51].
They can also readily be integrated with microfluidic channels for efficient, large-scale sample
manipulation.

Fig. 2B illustrates the concept of the nanopore capture radius r that defines a volume around

the pore in which target particles are exposed to a sufficiently strong electric field that they are
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pulled into and through the nanopore. This radius determines the target capture rate R which is
given by

R=21-C:D-r (1)

Where Cis the concentration and D is the diffusion coefficient of the target molecule. For typical
experimental conditions, the capture radius is only a few micrometers large. This accounts for the
present limitations of nanopore capture for applications in medical diagnostics where starting
concentrations of target molecules in biological fluids can be in the attomolar to femtomolar range
(10°-10° targets/mL or less concentrated depending on the volume around the pore) [11,52-56].

DNA targets (with a diffusion coefficient of about ~1pum?/s) at a concentration typical for
infectious diseases (103/mL) [52-56] would translocate at a rate of 2-10%/s through a nanopore with
a 3 um capture radius. It would, therefore, essentially take effectively forever to detect even a small
fraction of the 10,000 targets contained in 10 mL of serum. However, if all 10,000 targets were
positioned within a cube of 10 um edge length around the pore, the translocation rate would be
188/s and all targets would be detected in less than one minute (53s).

There is an enormous mismatch between a nanopore’s capture volume (~50fL) and the
sample volume needed to detect a sufficient number of target molecules for a typical molecular
diagnostic test (~10uL— 10mL). Some potential solutions could include forcing all sample liquid
through the nanopore(s) or using a massive number of nanopores in parallel. Such solutions face
difficult to surmount challenges involving fluid transport through nanoscale channels [57] (e.g. too
high of pressure for the nanopore/membrane to retain integrity and clogging of the nanopores) and
the need for complex electronic circuitry.

The capture rate of a nanopore can be enhanced by a variety of methods, including salt
gradients to tailor a specific voltage drop around the nanopore [41], the modification of internal
charge in a-HL protein pores [42,43], and pressure gradients [44]. Enhancement factors between 10
and 80 can be observed [45] using such methods, with the best results from dielectrophoretic
trapping of DNAs at the tip of a nanopipette using alternating DC and AC fields [45]. Any or all of

these can be used in combination with the disclosed devices, systems, and methods.

Incorporation of Nanopores with the Optofluidic Platform

Nanopores can be incorporated into an optofluidic platform resulting in both the electrical
and optical detection of single biomolecules. This has been demonstrated using HIN1 viruses and
DNAs [67-69]. Fig. 4A shows how a third fluidic reservoir can be incorporated over a nanopore in the
chip layout of Fig. 3A. Translocation into the fluidic channel is induced and detected by applying a
voltage as shown and, once in the channel, a particle can be detected optically using the intersecting

waveguide approach. Nanopores can be defined into the top layers of the liquid-core waveguide
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channel using RIE etching [81,82] or ion milling [67] of a larger micropore, followed by ion milling of
a nanopore in a remaining thin membrane (Fig. 4b). The pore size can be controlled by subsequent
electron or ion beam exposure [83]. An example of a 20nm diameter pore is shown in Fig. 4c. Fig. 4d
shows simultaneous and correlated electrical (black trace, top) and optical (red trace, bottom)
detection of individual, labeled H1N1 viruses on this chip, illustrating the use of the nanopore as a

“smart gate” for particle delivery and optical detection on a chip [67-69].

Example — Detection of Zika Virus
A prime example of a disease that could benefit from detection using the disclosed systems

and methods is Zika virus (ZIKV) infection. ZIKV RNAs can be detected during the first 1-2 weeks
following infection while ZIKV protein can be detected for many months post infection [6-9]. ZIKV
presents particular challenges as viremia is generally low and protein biomarkers exhibit cross-
reactivity with Dengue infection [9-12]. Thus, a test that detects ZIKV using the disclosed systems
and methods is needed.

Disclosed herein is a proposed set of experiments intended to measure both nucleic acid and
protein biomarkers in different bodily fluids for investigation of Zika virus (ZIKV) infection using a
recently developed marmoset animal model [8,46]. In particular, the disclosed optofluidic based
nanopore system is used to detect both nucleic acid and protein targets of ZIKV infection starting
from different bodily fluids at clinically relevant concentrations.

The 2015 outbreak of Zika virus infection has drawn massive attention to this disease. While
the acute epidemic has subsided, many concerns remain, in particular due to the virus’ ability to
cause severe birth defects [84-86]. A model is available, showing that ZIKV infection in marmosets
closely resembles human illness [8]. In both humans and marmosets, both nucleic acid and protein
biomarkers should be used for detection as the protein biomarkers and nucleic acid biomarkers
appear during different disease stages [6,7,52]. Immunoassays have difficulty in detecting Zika virus
due to pronounced cross-reactivity of Zika antibodies with other flaviviruses, in particular Dengue
virus [10,11]. Fig. 5a shows that both biomarker loads in marmosets are well within the range
previously detected on a chip-based platform [65]. Similar levels are found in humans [11,52,86].

If both biomarker types are to be detected reliably, repeatedly, and in a number of sample
matrices (blood, saliva, urine, semen [8]), an instrument that can detect both biomarker types using
small starting volumes is essential. Disclosed herein is the development and validation of a solid-
phase assay for specific extraction of both nucleic acids and NS-1 protein specific to Zika infection.
These constructs are schematically depicted in Fig. 5B. Both target types were successfully bound to
streptavidin-functionalized microbeads with excellent specificity. Note that each bead holds many

(up to 240,000) targets. This approach was validated in a fluorescence-based assay where
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fluorescent labels with different spectral response were bound to the extracted targets as shown
[87]. Successful binding was shown (Figure 5C) using multiplex fluorescence detection on the
optofluidic chip as previously demonstrated for nucleic acids and virus particles [65,66].
Label Free Detection of Zika virus using the disclosed systems and methods

The disclosed project can take advantage of the specificity and universality of bead-based
solid-phase extraction described in the previous example. However, the analysis can be simplified
significantly by replacing optical detection of a complex sandwich construct with label-free electrical
nanopore detection with optimized throughput.

The approach can enable molecular diagnostics using nanopore detection with high

throughput using an integrated platform that combines advanced sample preparation with
individual molecule electrical detection. Three specific areas can be addressed: nanopore capture
rate enhancement using optical trapping of carrier beads; integration of microfluidic sample
processing for high throughput molecular detection at ultralow (attomolar) concentrations; and
multiplex analysis of nucleic acids and proteins for ZIKV infection starting from complex sample
matrices (serum, saliva, urine, semen) using a marmoset animal model.

There are two elements that can enable nanopore detection with high throughput at low
target concentrations that are meaningful for molecular diagnostics: One is to bring and hold the
target molecules close to the capture volume of the nanopore using the optical trapping of carrier
microbeads. This results in efficient capture by the pore, and thus rapid detection of the target
molecules.

The second element is the selection and preconcentration of target molecules onto the
carrier microbeads. This element ensures the specificity of the assay and that a low limit of detection
(LoD) down to attomolar concentrations can be reached using nanopore detection

The third element is to validate the platform with target analytes contained in a complex
sample matrix. To demonstrate this, new high-throughput nanopore analysis can be used for nucleic
acid and protein detection of ZIKV infection in several relevant fluids. These results of this project

would be applicable to a broad range of diseases and biomarker types.

Nanopore capture rate enhancement using optical trapping of carrier beads
The delivery of target molecules loaded on microbeads to a nanopore is based on integrated

optical particle trapping using liquid-core waveguide microchannels [88-92]. Fig. 7A shows
schematically how the generic optofluidic chip of Fig. 3a can be turned into a particle trap. Two laser
beams are coupled into the chip from opposite ends (purple arrows). The laser beams exert optical
forces on microparticles in the channel: The gradient force pulls particles to the center of the

channel where the intensity is highest, and the scattering force pushes them along the beam
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direction [88,89]. The two beams produce opposing scattering forces, and, because each beam
experiences some propagation loss, there is one point in the channel at which these forces balance
out and the particle is trapped [90]. The position of the trapping point can be controlled by adjusting
the relative power in the two trapping beams [90].

Another important advantage of this trap in the context of this proposal is that many
particles can be optically “collected” to create significant local concentration enhancement [91].
Figs. 7B and 7C show top-down images of an individual and over 120 fluorescent microbeads,
respectively. These beads were trapped at the intersection between the liquid channel and the
crossing solid-core waveguide and were visualized by exciting fluorescence with a crossing beam as
illustrated in Fig. 7a.

Optical manipulation of microbeads on a chip can be used to deliver molecular targets to a
nanopore for detection. Fig. 8 shows one example of an approach that significantly simplifies the
optical arrangement of Figure 7A. First, Fig. 8a shows a top-down view of the chip where a single
laser beam is used to push/trap a collection of target-carrying microbeads against the channel wall.
The two camera images in Fig. 8a show successful trapping of 250 fluorescent microbeads in the
presence of the beam (top), and successful release without sticking to the wall and clogging the
channel (bottom). Using this much simpler trapping method, nanopore detection can be performed
as follows: Fig. 8b shows a side view of the area of interest where the fluidic channel containing
target-carrying microbeads sits on top of an ARROW layer stack for optical confinement [60-66]. The
microbeads are brought into the central waveguide region from reservoirs using pressure-based flow
(see Fig. 8a) and assembled in the trap directly under the nanopore. Using a suitable mechanism
(addition of heat, change in pH, etc.), the targets can be released from the beads and
electrophoretically pulled through the pore (Fig. 8a, right) at a high rate due to their proximity to the
nanopore capture volume. Note that this approach allows the analysis of several batches of beads in
rapid succession by turning off the trapping beams, flushing the channel of beads, then filling the
trap again with a new set of beads.

The feasibility of this approach has been shown to detect both nucleic acids and proteins.
For nucleic acids, magnetic microbeads (1 pm diameter) were functionalized with 14-bp pulldown
oligomers that matched the sequence of a mutated melanoma gene (BRAFV600E). This construct
had previously been validated in an optical detection assay [80]. Matching 100-mer synthetic targets

were then added to the beads to form the construct shown in the inset of Fig. 9A.

Nucleic Acid Detection
The dual-beam trap of Figure 7A was then used to trap the target-bead complexes and

position them under a micro/nanopore. Fig. 9a shows an image of 5 beads (monitored by video

10
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camera) collected under the micropore (the 20nm nanopore is not resolved). After the beads were
trapped, the chip was heated above the melting temperature (34°C) of the target nucleic acid to the
pulldown sequence and a voltage was applied across the pore to detect the released nucleic acids.

Fig. 9B shows the observed translocations of the target nucleic acids across the nanopore at
the indicated number of trapped beads. The translocation rate correlates with number of beads
indicating that target nucleic acids are concentrated near the pore when more beads are
concentrated near the pore. The measured translocation rates were compared to the translation
rate of a non-concentrated bulk solution where 240,000 target molecules (the same number of
targets as there are binding sites on a single bead) are uniformly distributed throughout the fluidic
channel (i.e. without beads at a 2nM concentration). Fig. 9c shows the improvement factor in the
translocation rate compared to the non-concentrated bulk concentration as a function of the
number of trapped beads. The disclosed system and method results in an improvement in
translocation rate between one and two orders of magnitude with a nearly linear dependence on
the number of beads trapped.

The amount of improvement is limited by two main factors. First, it is likely that not all
binding sites on the bead were occupied. Second, the assay was limited by the experimental setup
where two minutes passed between turning off the particle trap, turning on the heater and starting
the electrical nanopore detection. During this time, the targets diffused away from the pore by a
distance of up to ~220um as illustrated in Fig. 8d. The observed improvement was in excellent
agreement with an estimate based on the diffusion of the target molecule between the release of
the particles and the starting of the nanopore detection. Further optimization of the system and

methods could result in more efficient target detection.

Protein Detection
Protein detection used a version of the solid-phase extraction construct of the optical assay

shown in Fig. 5b. The protein detection version of the construct is shown in Fig. 10a. After incubation
of NS-1 proteins with beads functionalized with the anti-NS-1 antibody HM333, the beads were
secured with a magnet so that unbound target molecules were removed from solution. Target
molecules were released from the beads by heating the solution to 50°C and the supernatant was
collected. To this point, sample preparation using this construct has been performed off chip, but
can be moved on-chip without undue experimentation. Supernatant was introduced into the
optofluidic chip and a voltage applied across the nanopore. Fig. 9b shows the detection of NS1 in the
nanopore. In particular, NS1 protein molecules block the current across the 20nm nanopore due to
its size (~*2nm x 9nm) [93]. This demonstrates that the disclosed methods and system can be applied

to multiple target molecules. Fig. 9c shows the scatter plot of blockade depth and duration for all
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4,652 blockade events that were detected. The values are clearly distinct from those of HM333

antibodies, confirming that the NS1 antigen is being detected.

Example — Demonstration of million-fold capture rate enhancement using optical trapping

Optimization of the disclosed process will involve demonstrating analyte detection using the
simpler single-beam mechanism of Fig. 8A which requires less optical power and offers easier
balancing of optical and flow pressures. It will also involve improving the capture enhancement by (i)
trapping in excess of 1,000 beads (instead of ~10 as shown in Fig. 9A), and (ii) optimizing conditions
to allow simultaneous target release and electrical readout. This will eliminate the time delay before
detection (shown in Fig. 9d). The optimization can be accomplished by electrical isolation of
nanopore readout with respect to the optical trapping and heating components. Additionally,
nanopore shape [83] can be optimized in combination with the applied voltage to create an
electrical capture volume that matches the bead trapping region as much as possible. This field
profile optimization can be done using COMSOL simulation which has been shown to model
different nanopore shapes [67-69,83]. Nucleic acids (BRAF-V600E oligomers) can then be used to
demonstrate a capture rate enhancement compared to bulk solution detection of 1,000,000x — four
orders of magnitude higher than previously reported enhancements [45].

Figs. 8 and 9 show that trapping-based capture rate enhancement is feasible. However, if
the method is ultimately limited by electrical crosstalk, a purely flow-based implementation of the
single-beam method that pushes the beads against an obstruction in a straight channel can be used
in lieu of optical trapping. Nanofluidic filtering structures that can be used in the purely flow-based

implementation are described in, for example, [94].

Example — Nanopore Detection of nucleic acid and protein targets from the same sample
Bead-based target delivery for nanopore-based molecular analysis has been selected as an
exemplary approach because microbead-based solid-phase extraction (SPE) has been successfully
used for isolation of different analyte types [64,65,95-99]. The results in Figs. 8A-10C can be
expanded upon to demonstrate electrical detection of both nucleic acid and protein Zika targets
with enhanced capture rate. Nanopore detection of the Zika nucleic acids (synthetic oligomers) from
bulk solution, can be demonstrated similar to the NS-1 detection demonstrated above. These results
provide a reference for blockade signals and unenhanced rates for both targets. Trapping-enhanced
detection of both nucleic acids and proteins on chip can be achieved using the proposed single-beam
trapping (Fig. 8A). Capture rate improvements for each target type will be measured and optimized
separately. From these measurements, the target release method (thermal, pH, photocleaving etc.)

can be optimized as described in [96-99,100-102]. Additional conditions can be further optimized,
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for example, by maximizing the strength of all bonds relative to the target-pulldown connection and
optimizing the pulldown sequence design for a desired melting temperature (for nucleic acids).

The disclosed results show that bead-based extraction for both targets is possible and that
both proteins and nucleic acids can be released from the beads using moderate thermal activation.
While thermal release has been the method of choice for nucleic acid assays, it may not prove
optimal for protein release. If thermal release is too slow or inefficient, other methods such as
photo-cleaving, changing the pH or the salt concentration (while the beads remain trapped) can be
used [96-99,100-102]. Care will be taken with the latter approach since the salt concentration also
affects the details of the electrical nanopore detection process. Secondly, while this does not appear
to be an issue in the disclosed results, if current blockade signals from either target are too small,
nanopore diameter and thickness can be optimized as can the binding of a larger entity (e.g. longer
nucleic acid, or secondary antibody) to the target before release from the bead. In that case, the
additional entity will be read out by the pore, but specificity is maintained as its presence relies on

prior binding of the target as in a standard sandwich assay (see e.g. Fig. 10a).

Example - Limit of detection (LoD) and dynamic range (DR) for nucleic acids and proteins

The disclosed systems and methods must detect clinically relevant ranges of analytes -
competitive with current gold standard methods. RNA loads for ZIKV infection range from 103-
10%/mL [11,52,53,103]. NS1 concentrations are on the order of 10°/mL, but the dynamic range is not
well investigated due to the limited range of ELISA assays [104]. The optofluidic chips used in the
disclosed systems and methods have demonstrated low LoDs and record DRs using an optical
readout [65]. These assay parameters can be assessed systematically for electrical nanopore
detection using serial dilutions of nucleic acid and protein samples. LoD and DR will be determined
individually at first, and finally for dual detection from a single sample containing both targets.
Optimization, e.g. target pre-concentration can be done with synthetic targets in buffer solution, In
the final stage of the project, both parameters will be assessed in clinical samples.
Example - Integration of microfluidic sample processing for high throughput molecular
detection at_ultralow {attomolar) concentrations

A higher capture rate at the nanopore location is important for detection. Similarly, it is
important to bind target molecules to the carrier beads with high specificity, and from very low
starting concentrations. One approach that can be used is described in references [64,65,78,80]. The
approach is based on arrays of interconnected lifting-gate microvalves [105-107] whose operating
principle is shown in Fig. 11A. The valves include three layers with a thin flexible PDMS membrane in
the center separating pneumatic and sample-carrying microchannels. As long as no negative

pressure is applied in the pneumatic layer, the valve seat sits on the substrate and prevents fluid
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from passing in the fluidic layer. With negative pressure, the valve is raised and fluid can pass (right

image in Figure 11A). Fig. 11B shows how valves with cross-shaped valve seats can be arranged into

networks (“automata”) that can carry out complex sample preparation tasks by operating the valves
in proper sequence [64,65,78,106,107].

These automata have been used to successfully implement on-chip sample prep steps for
amplification-free Ebola detection (see Fig. 3B and 3C) [65]. The automaton microvalve architecture
allowed for target pre-concentration by collecting magnetic beads from a large starting volume in a
single 100nL microvalve, followed by resuspension and target release in a much smaller volume. Fig.
10C illustrates this principle as beads containing synthetic Ebola sequences tagged with molecular
beacons (analogous to Fig. 10A) that were concentrated in an automaton valve by 335x from 3 mL to
5 ulL [65]. Using this principle, an ultralow limit of detection of 103/mL (1.7aM) for Ebola RNA
detection [78] has been demonstrated. This corresponds to the low end of the clinically relevant
range [55]. The automaton chips can be used for sample preparation starting from whole blood [80].

Automaton chips can be used to implement the extraction of specific Zika nucleic acids (both
synthetic oligomers and whole genomes) and proteins (NS-1). Protein and nucleic acid targets can be
assessed individually using the previously described automaton layout [64,65]. Solid-phase
extraction, followed by nanopore detection can be used to detect a series of starting concentrations
of target molecules in buffer solution. Serial dilutions of these target molecules can cover the
concentration range from 10°/mL (1.7pM) to 103/mL (1.7aM) for nucleic acids and 10nM to 10fM for
proteins, respectively. Targets can be mixed on chip with 100-1,000 functionalized microbeads to be
trapped subsequently in the optofluidic chip for nanopore readout. Translocation rates can be
recorded in triplicate for each starting concentration.

These capabilities will be demonstrated with progressively more complex sample matrices:
Nanopore-based detection of both molecular targets with starting concentrations of 10°/mL {nucleic
acids) and 107/mL (proteins) will first be achieved. After successfully reaching this limit for each
target individually, on-chip extraction of both targets from a mixed buffer solution will be
implemented. To this end, nucleic acid and protein beads can be stored in different microvalves for
sequential extraction on the chip. For all experiments, negative controls without any and with non-
matching targets can be run. Successful sample preparation will also independently be confirmed by
fluorescent labeling of the targets (see Fig. 5) and fluorescence detection on a standard ARROW
optofluidic chip [80], i.e. without the nanopore detection. Note that an important advantage of the
disclosed approach is that the details of the blockade signal are not important for target

identification since target specificity is provided by the bead extraction step. Finally, sample
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preparation will be done using biological samples from marmosets such as cell supernatants, serum,
saliva, semen, or urine.

Target-specific pulldown onto beads and preconcentration has successfully been used
[64,65,95-99]. There are two possible complications in the optimization of this process. If the
extraction of ~10,000 target molecules {10mL volume at 10°/mL concentration) is too inefficient,
then several approaches can be used to improve the efficiency. A smaller microvalve volume can be
used for incubation and mixing. Alternatively, a more efficient “bubble mixing” automaton chip can
be used [78,79]. This chip features large incubation reservoirs that hold the magnetic beads for
target extraction. Air bubbles are periodically pushed through these reservoirs to enhance particle
mixing and target extraction. Target extraction can be optimized using labeled synthetic Ebola
oligomers as test targets. Each wafer can hold 64 such incubation areas, enabling rapid (~1hr)
processing of large starting volumes [78]. Another alternative involves a two-step process in which
targets are first pulled down onto a large number of beads (~10°%), then released into a small
automaton valve volume. This release is followed by transfer to and rebinding onto the desired final
small number of beads. Still another alternative involves leaving the targets on a larger number of
beads (103-10%) and testing these sequentially on the optofluidic chip in batches of ~100 as the
detection step is rapid and can be parallelized.

Another possible complication involves the loss of targets during on-chip sample preparation
due to inefficient pulldown onto the beads and attachment to the microchannel and microvalve
walls. To minimize these loss mechanisms, glass channels can be coated with polyethylene glycol
compounds [108-110], while bovine serum albumin (BSA), poly(l-lactic acid) [111] or other materials
[112] can be applied to PDMS chips. The coatings can be optimized until the target limit of detection
has been reached. It should be noted that the disclosed approach to deliver carrier beads in an
optical beam has the advantage of keeping the target molecules away from the wall on the

optofluidic chip during transport to the trapping point [88].

Example - Multiplex direct detection of ZIKV infection starting from complex sample matrices
The disclosed systems and methods can be tested for their ability to handle complex starting
matrices that include target molecules (see Fig. 6). Zika infection is ideally suited as a test case
because four different sample types (serum, saliva, semen, urine) are relevant for disease detection
and monitoring [8,11,52,53,99,103]. Validation can be performed in two phases. In the first phase,
the target molecules will be detected in cell supernatant, and in the second phase they will be
detected in samples comprising the four sample types listed above. Off-chip sample preparation can
be initially used to measure nucleic acid and protein levels on the nanopore chip. LoD and dynamic

range can be assessed with the goal of reaching the same performance as for the initial buffer-based
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tests. Later, the series can be repeated using the automaton chip for sample preparation and the
nanopore chip for detection. Again, performance for LoD and DR will be quantified by using serial
dilutions of all sample types. Measurement of target molecules in each of the listed sample types
has been performed on an optofluidic platform [65,80]. Optimization of can involve surface
treatment of the microchannels, which can include surface treatments that are described herein and

known in the art.
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CLAIMS
1. A method of detecting a target molecule, comprising:

providing a microbead, where the surface of the microbead comprises a capture molecule
that specifically binds the target molecule;

contacting a sample suspected of containing the target molecule with the microbead under
conditions that allow binding of the capture molecule to the target molecule;

applying the microbead to a first microfluidic chip, the microfluidic chip comprising a
membrane, the membrane comprising a first side, a second side, and a pore, the pore comprising an
first opening on the first side of the membrane and a second opening on the second side of the
membrane, the pore further comprising an ionic current flowing from the first side to the second
side and a capture volume;

trapping the microbead within the capture volume of the pore using optical trapping or fluid
flow;

while the microbead is trapped within the capture volume of the pore, releasing the target
molecule from the capture molecule, such that the target molecule passes through the pore; and

measuring the change in ionic current, thereby detecting the target molecule.

2. The method of claim 1, wherein the target capture molecule comprises an antibody or an

antigen binding fragment thereof.

3. The method of claim 1, wherein the target molecule comprises a polypeptide or nucleic acid.

4. The method of claim 3, wherein the target molecule comprises a nucleic acid and where the

capture molecule comprises a complimentary nucleic acid.

5. The method of claim 1, wherein the sample is selected from blood (or any fraction thereof),

urine, sweat, sputum, saliva, feces, or semen.

6. The method of claim 1, wherein the contacting of the sample with the microbead is

performed in a second microfluidic chip.

7. The method of claim 6, wherein the microfluidic chip comprises an automaton network.
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8. The method of claim 1, wherein the microfluidic beads are trapped on the first side of the
membrane and where the opening of the pore on the first side of the membrane is greater than 1
pm in diameter and where the opening of the pore on the second side of the membrane is less than

1 pm in diameter.

9. The method of claim 1, wherein the microfluidic beads are trapped on the first side of the
membrane and where the opening of the pore on the first side of the membrane is less than 1 pm in
diameter and where the opening of the pore on the second side of the membrane is less than 1 pm

in diameter.

10. The method of claims 8-9, wherein the opening of the pore on the second side of the

membrane is less than 100 nm.

11. The method of claims 8-9, wherein the opening of the pore on the second side of the

membrane is less than 50 nm.

12. The method of claim 1, wherein releasing the target molecule comprises applying heat to

the microbead or raising or lowering the pH in the solution near the microbead.

13. A system, comprising:

a microbead comprising a capture molecule, where the capture molecule stably binds a
target molecule;

a first microfluidic chip comprising a membrane, the membrane comprising a first side, a
second side, and a pore, the pore comprising an first opening on the first side of the membrane and
a second opening on the second side of the membrane, the pore further comprising a capture
volume, the microfluidic chip further comprising an element configured to release a target molecule
from the capture molecule;

wherein the first microfluidic chip is configured to trap the microbead within the capture
volume of the pore using optical trapping or fluid flow and configured to signal when the target

molecule passes through the nanopore.

14. The system of claim 13, wherein the opening of the pore on the first side of the membrane is

greater than 1 pum in diameter and where the opening of the pore on the second side of the

membrane is less than 1 pm in diameter.
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15. The system of claim 13, wherein the microfluidic beads are trapped on the first side of the
membrane and where the opening of the pore on the first side of the membrane is less than 1 pm in
diameter and where the opening of the pore on the second side of the membrane is less than 1 pm

in diameter.

16. The system of claims 14-15, wherein the opening of the pore on the second side of the

membrane is less than 100 nm.

17. The system of claims 14-15, wherein the opening of the pore on the second side of the

membrane is less than 50 nm.

18. The system of claim 13, wherein the element is configured to heat or raise or lower the pH

of the solution.
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