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II TECHNICAL REPORT

A. Executive Summary

Highly-integrated, ultra-sensitive real-time electronic detection of chemical and biological
threats represent a significant challenge to the current frontiers of research in biology,
chemistry and engineering that could be met by exploiting the unique electronic properties
and integration potential of molecular electronic devices. The challenges inherent in building
highly-integrated real-time electronic nanosensing devices are great, but recent breakthroughs
in nanowire growth, surface functionalization and device properties, coupled to large-scale
assembly into defect and fault tolerant arrays have begun to show that aggressive program
goals can be met and even exceeded in important new directions with our approach.

We have and continue to develop and assemble into arrays of powerful and distinct types
of sensor elements that provide highly-robust and specific ultra-sensitive species
identification while at the same time dramatically reducing false positives. The sensor
modalities that we have demonstrated to date include nanowire field-effect transistor and
piezoelectric nanowire resonator devices. Each of these classes of sensor devices has either
demonstrated or has the potential to be designed with sensitivities that have the potential to
exceed the program end goals. During the base period of the MoleSensing program we have
met the Program milestones and demonstrated the great potential of our approach. A summary
of results achieved to data are as follows:

* Demonstrated detection of biomolecules at <1x10-12 M
» demonstrated reversible detection of proteins and viruses at <10-12 M
* demonstrated concentration-dependent detection over >104 range
» demonstrated high-selectivity, including complex mixtures

=  Demonstrated detection of chem-threats at 100ppb or better
» demonstrated detection of chem threats at < 100ppb
s demonstrated concentration-dependent detection over >103 range
»  demonstrated high-selectivity

=  Demonstrated receptor personalization & multiplexing
» demonstrated nanowire-receptor array platform for multiplexing -
» demonstrated simultaneous detection from > 10 elements
»  demonstrated methods for false positive discrimination

» Demonstrated analysis for real/false signal discrimination

®= demonstrated analysis of raw data using boolean detection (yes or no) that is
robust to all expected noise sources and contamination

Continuation of this MoleSensing effort promises to lead to revolutionary advances in
integrated, ultra-sensitive electronic chem/bio sensor arrays that should drive leading-edge
Battle-Field and National Security defense applications.

B. SCIENTIFIC RESULTS




A summary of the results and achievements of our effort during the first base period of
the program, which address successfully the program milestones, are described below.

1. Ultrasensitive protein/toxin detection. The conversion of silicon nanowire field-effect
transistors into sensors for protein/toxin detection was carried out by attaching monoclonal
antibodies to the nanowire surfaces following device fabrication. The basic linkage chemistry
is similar to that used previously for protein microarrays, and involves three key steps. First,
aldehyde propyltrimethoxysilane (APTMS) is coupled to oxygen plasma-cleaned silicon
nanowire surfaces in order to present terminal aldehyde groups at the nanowire surface.
Second, the aldehyde groups are coupled to the monoclonal antibodies, and third unreacted
free aldehyde groups are blocked by reaction with ethanolamine.

The basic nanowire sensor chip consists of integrated electrically addressable silicon
nanowires with the potential for ca. 200 individually addressable devices. A key feature of
our basic array design is that it enables incorporation of different types of addressable
nanowires, for example p-type and n-type doped silicon nanowires, during fabrication steps to
form the addressable electrical contacts. In addition, different receptors can be printed on the
nanowire device array to enable selective multiplexed detection.

The sensitivity limits of these silicon nanowire devices for protein detection were first
determined by measuring conductance changes as the solution concentration of PSA was
varied, where the devices were modified with monoclonal antibodies for PSA (Abl).
Representative time-dependent data show a well-defined conductance increase and
subsequent return to baseline when PSA solution and pure buffer, respectively, are alternately
delivered through a microfluidic channel to the devices. A plot of these data shows that the
conductance
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change is directly proportional to the solution PSA concentration for values from ca. 5 ng/mL
down to 90 fg/mL. These data show that direct label-free detection of PSA is routinely
achieved with signal to noise >3 for concentrations down to 75 fg/ml or ca. 2 fM.
Significantly, similar ultrasensitive detection was achieved in studies of carcinoembryonic
antigen (CEA), 100 fg/ml or 0.55 fM, and mucin-1, 75 fg/ml or 0.49 fM, using silicon
nanowire devices modified with monoclonal antibodies for CEA and mucin-1, respectively.

The reproducibility and selectivity of the nanowire devices was further investigated in
competitive binding experiments with bovine serum albumin (BSA). Conductance versus
time measurements recorded on a silicon nanowire device modified with Abl exhibited
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similar conductance changes as above when 9 and 0.9 pg/ml solutions of PSA were delivered
to the device. These results show that reproducible device to device sensitivity is achieved
with these silicon nanowire sensors. Moreover, delivery of a solution containing 0.9 pg/ml
PSA and 10 Og/ml BSA showed the same conductance increase as a solution containing only
PSA at this concentration, while no conductance change was observed in the device when the
BSA solution alone was delivered. These latter data demonstrate excellent selectivity using
the antibody receptors and also that our high sensitivity is not lost even with 10-million fold
higher concentration of other proteins in solution.

False positive discrimination using multiple nanowire elements. We also characterized
nanowire device arrays containing both p-type and n-type silicon nanowire devices that were
modified with Abl as the marker protein receptor. The incorporation of p- and n-type
nanowires in a single sensor chip enables possible electrical cross-talk and/or false positive
signals to be discriminated by correlating the response versus time from the two distinct types
of device elements. Notably, simultaneous conductance versus time data recorded from p-type
nanowire (NW1) and n-type nanowire (NW2) devices showed that introduction of 0.9 ng/ml
of PSA results in a conductance increase in NW1 and a conductance decrease in NW2, while
the conductance returned to the baseline value of each device following introduction of buffer
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solution without PSA. These experiments demonstrate key points about multiplexed electrical
detection with nanowire devices. First, the complementary conductance changes observed for
the p-type and n-type elements are consistent with specific binding of PSA to field-effect
devices, since the negatively-charged protein will cause accumulation and depletion in the p-
and n-type nanowire elements, respectively. Second, the complementary electrical signals
from p- and n-type devices provide simple yet robust means for detecting false positive
signals from either electrical noise or nonspecific binding of protein to one device; that is, real
and selective binding events must show complementary responses in the p- and n-type
devices. The presence of correlated conductance signals in both devices, which occur at
points when buffer and PSA/buffer solutions are changed, illustrate clearly how this
multiplexing capability can be used to distinguish unambiguously noise from protein binding
signals.

In addition, a second test of using arrays to discriminate against false positives was
carried out using a device array consisting of p-type silicon nanowire elements with either
PSA Abl receptors (NWI1) or surfaces passivated with ethanolamine (NW2).
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Simultaneous measurements of the conductance of NW1 and NW2 show that well-defined
concentration-dependent conductance increases are only observed in NW1 upon delivery
of PSA solutions (9 and 1 pg/ml), although small conductance spikes are observed in both
devices at the points where PSA and buffer solutions are changed. Delivery of BSA at 10
Og/ml showed no response in either NW1 or NW2, and subsequent delivery of a solution
of PSA (1 ng/ml) and Abl (10g/ml), which complexes the free PSA, did not exhibit
measurable conductance changes in either device. Together, these experiments
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demonstrate that the electronic signals measured in the nanowire arrays can be readily
attributed to selective protein binding, show that our surface chemistry effectively
prevents nonspecific protein binding, and also provide a robust means for discriminating
against false positive signals arising from either electronic noise or nonspecific binding.

2. Detection of single viruses. We have used arrays of individually addressable silicon
nanowire FETs, which were functionalized with the same or different virus-specific
antibodies as receptors, to characterize the virus detection limits. Time-dependent
conductance data recorded simultaneously from two nanowires in the same device array
modified with antibodies specific for influenza A virus showed discrete changes in
conductance when a solution containing ca. 100 virus particles/OL is delivered to the sensor
elements. There are several key features of these experiments. First, the magnitude and

1529 !‘lﬁﬁﬁl’h&k[ ?;‘flﬁ"v!}ﬁﬁ";zf j‘r:‘ ifl‘n‘ﬂflr,i‘”r'y,‘.}‘_.h“’ :‘[}yf‘ﬂ,’\‘l
2 1500 y
3 “ i
JATIY ;"\'H"l_‘ s ’ o R A
§ 1480 i R, . B b o PN
s . o
° R |
S 1460 53 b
&) S x
[/ LI
1440 L SR : influenza A
[virus) £t
¢ 400 80C 1200
Time (sec)




duration of the conductance drops are nearly the same for a given nanowire: for nanowires 1
and 2 the magnitude and duration are 24 £ 1 nS and 20 + 4 s, and 20+ 3 nS and 15+ 7 s,
respectively. The similarity in responses is consistent with good reproducibility in the
nanowires electronic properties and a uniform density of antibody receptors on their surfaces,
which determine the response to and duration of binding of a single virus, respectively.
Second, an excess of free antibody added to the viral solution (monoclonal anti-hemagglutinin
for influenza A was added to a standard solution containing 100 virons/OL to yield a antibody
concentration of 10 Og/ml) eliminates the well-defined conductance changes consistent with
blocking sites on the viruses that are recognized by the same antibodies attached to the
nanowire surfaces. Lower antibody concentrations produced partial reduction of the nanowire
response. Third, the discrete conductance changes are uncorrelated for the two nanowire
devices in the microfluidic channel, and are thus consistent with stochastic binding events at
or near the surfaces of the respective nanowires. Lastly, little or no purification of virus
samples is required in these measurements; that is, similar results were obtained on samples
purified by simple gel filtration or diluted directly from allantoic fluid.

To characterize the discrete conductance changes further, we have carried out
simultaneous electrical and optical measurements. Parallel collection of conductance,
fluorescence and bright-field data from a single nanowire device using fluorescently-labeled
viruses demonstrate clearly that each discrete conductance change corresponds to a single
virus binding to and unbinding from the nanowire.
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The data show that as a virus particle diffuses near a nanowire device the conductance
remains at the baseline value, and only after binding at the nanowire surface does the
conductance drop, where the conductance change, 18 £ 1 nS, is similar to that observed with
unlabeled viruses; as the virus unbinds and diffuses from the nanowire surface the
conductance returns rapidly to the baseline value. The movie further shows that a bound virus
can sample several nearby positions on the nanowire surface prior to unbinding, and this may
explain the smaller variations in conductance in the on state. The two events also exhibit
similar conductance changes when virus particles bind to distinct sites on the nanowire, and
thus demonstrate that the detection sensitivity is relatively uniform along the length of the
nanowire. Lastly, these parallel measurements indicate that a virus particle must be in contact
with the nanowire device to yield an electrical response, thus suggesting the potential for
relatively dense integration without crosstalk.

Selective detection—the ability to specifically distinguish one type of virus from
another—is crucial for exploiting the high sensitivity of these nanowire devices in biothreat
applications. A test of selectivity was also carried out by characterizing the response of a

7




device to two different but structurally similar viruses, paramyxovirus and influenza A using
nanowire devices modified with antibodies specific for influenza A. Delivery of a solution
containing paramyxovirus exhibited only short duration conductance changes characteristic of
diffusion of the virus past and/or rapid touching of the nanowire surface and not specific
binding; however, when the solution was changed to one containing influenza A conductance
changes consistent with well-defined binding/unbinding behavior similar to that in were
observed.
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Importantly, these experiments demonstrate that the antibody-modified nanowire devices
exhibit excellent binding selectivity, which is an important characteristic for detection of one
or more viruses. While not our focus, these data also show that the devices are sensitive to
single charged virus particles (including the sign of the charge) as they diffuse by and sample
the nanowire surface, and this capability could find uses, for example, for charge detection in
microfluidic devices.

3. Detection of in-field-like biosamples. The results described above demonstrate a unique
level of sensitivity and selectivity, yet to impact in-field detection in the most significant way
will require rapid analysis of relevant samples, such as blood serum. To this end we have also
investigated the detection of PSA in undiluted donkey and human serum samples that were
desalted by a rapid and simple purification step. The measurements were made using p-type
silicon nanowire elements with either PSA Abl receptors (NW1) or surfaces passivated with
ethanolamine (NW2) in the same sensor array. Conductance vs. time measurements recorded
simultaneously from NW1 and NW2 as different donkey serum solutions were sequentially
delivered to the devices are shown below. First, the introduction of donkey serum containing
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59 mg/ml total protein does not lead to appreciable conductance change relative to the
standard assay buffer. Second, introduction of donkey serum solutions containing f-PSA led
to concentration-dependent conductance increases only for NW1; no conductance changes
were observed in NW2., Well-defined conductance changes were observed for PSA
concentrations as low as 0.9 pg/ml, which corresponds to ~100 billion times lower
concentration than that of the background serum proteins. Similar results were also obtained
in conductance vs. time data recorded simultaneously from NW1 and NW2 for different
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human serum samples. Specifically, addition of undiluted human serum, which contains f-
PSA, blocked with an excess of Abl showed little change in baseline for either NW1 or NW2,
although subsequent addition of undiluted human serum showed well-defined conductance
increase in NW1. These results demonstrate clearly the ability to detect cancer markers with
high sensitivity and selectivity in human serum.

4. Multiplexed detection of biological species: proteins, toxins & viruses. To test the
capabilities of the nanowire arrays for multiplexed detection of proteins/toxins we first
focused on prostate cancer where concentrations of both free PSA (f-PSA) and PSA-01-
antichymotrypsin (PSA-ACT) complex are generally measured. In our experiments, a device
array was fabricated from p-type silicon nanowire elements that were then modified either
with monoclonal antibody receptors for f-PSA, Abl, or monoclonal antibody receptors that
show cross-binding reactivity for f~-PSA and the PSA-ACT complex, Ab2. Simultaneous
conductance measurements of NW1, which was modified with Abl, and NW2, which was
modified with Ab2, were carried out for a wide-range of conditions. The data show that
delivery of f-PSA resulted in concentration-dependent conductance changes in both NW1 and
NW2, while the introduction of PSA-ACT yielded concentration-dependent conductance
changes only in NW2, In addition, control experiments in which solutions of f~PSA, PSA-
ACT, and Abl were delivered to the device array showed concentration conductance changes
in NW2 but not NWI, since f-PSA was blocked by Abl present in the solution. These
multiplexing results demonstrate selective, high-sensitivity detection of both markers, and
show that nanowire sensor arrays could be used to measure the f-PSA and PSA-ACT
concentrations in a single real-time assay.

More generally, multiplexed detection of distinct proteins, which will facilitate pattern
analysis for robust threat identification, can be carried out with high sensitivity and selectivity
using nanowire arrays modified with distinct antibody receptors as shown below. To test this
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key capability we have investigated multiplexed detection of f-PSA, CEA, and Mucin-1 using

silicon nanowire devices functionalized with monoclonal antibody receptors for f-PSA

(NW1), CEA (NW2), and Mucin-1 (NW3). Conductance vs. time measurements were

recorded simultaneously from NWI1, NW2 and NW3 as different protein solutions were

sequentially delivered to the device array as shown above. First, introduction of f-PSA and
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buffer solutions led to concentration-dependent conductance increases only when NW1 was
exposed to PSA solution; no conductance changes were observed in NW2 or NW3. Similarly,
introduction of CEA solutions to the device array yielded concentration dependent
conductance changes only in NW2, while subsequent delivery of mucin-1 solutions to the
array resulted in concentration dependent conductance changes only in NW3. These results
demonstrate the capability for multiplexed real-time, label-free marker protein detection with
sensitivity to the femtomolar level and essentially complete selectivity.

We also investigated multiplexed detection of different viruses at the single particle level
by modifying nanowire device surfaces in an array with antibody receptors specific either for
influenza A (NW-1) or for adenovirus (NW-2). Simultaneous conductance measurements
obtained when adenovirus, influenza A, and a mixture of both viruses are delivered to the

devices are shown below. Introduction of adenovirus, which is negatively charged at the pH
of
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the experiment, to the device array yields positive conductance changes for nanowire-2 with
an on time of 16 + 6 s similar to the selective binding/unbinding for a comparable density of
surface receptors. The magnitude of the conductance change for binding of single adenovirus
particles differs from that of influenza A viruses due to differences in the surface charge
densities for the two viruses. Shorter, ca. 0.4 s duration positive conductance changes are also
observed for nanowire-1. These changes are characteristic of a charged virus diffusing past
and rapidly sampling the nanowire element (see above) and can be readily distinguished from
specific binding to the antibody receptors. On the other hand, addition of influenza A yields
negative conductance changes for nanowire-1, with an binding/unbinding behavior similar to
that observed in earlier experiments under comparable conditions. Nanowire-2 also exhibits
short duration negative conductance changes, which likely correspond to diffusion of
influenza A viral particles past the nanowire device, although these are also readily
distinguished from specific binding events by the temporal response. Significantly, delivery
of a mixture of both viruses demonstrates unambiguously that selective binding/unbinding
responses for influenza A and adenovirus can be detected in parallel by nanowire-1 and
nanowire-2, respectively, at the single virus level.

In addition, larger scale multiplexing was demonstrated with the simultaneous detection
of multiple proteins and toxins using eleven p-type SINW devices in a same array, named
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NWI1,NW2, ..., NW11. NW1-3 were modified with monoclonal antibody specific to rostate
specific antxgen (PSA) a cancer marker widely used for diagnosis of prostate cancer™>; NW4-
5 were modified with monoclonal antibody specific to cholera toxin subunit B (CTB); NW6-7
were modified with monoclonal antibody specific to botulinum toxoid type A (BTA); and
NWS8-11 were only incubated in the binding buffer without any antibodies. Time dependent
conductance data recorded simultaneously from these nanowires is shown below.
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Delivery of 5 ng/ml of PSA solution (point a) led to an increase of conductance values of
NW1-3, while the conductances of the other SINW devices remained unchanged. Delivery of
5 ng/ml of CTB (point b) and BTA (point c) led to conductance decrease in the NW4-5 and
conductance increase in NW 6-7, respectively, in good accord with the types of antibodies
designated onto devices as well as the overall positive charge for CTB and overall negative
charge for BTA. When a solution of human serum albumin (HSA) with much higher
concentration (10 pg/ml) was delivered onto the device surface (point d), no significant
conductance change was observed in all the eleven devices. Delivery of a mixed solution of
PSA, CTB, and BTA, 5 ng/ml of each (point e), resulted in conductance changes on all the
antibody-modified devices from NW1 to NW7, similar to the separate signals observed
previously. Finally, when a mixed solution of three proteins (PSA, CTB and BTA, 5 ng/ml
each) pre-incubated with excess of the respective free antibodies (10 pg/ml of all three
antibodies) was delivered onto the device surface, the conductance values for all the eleven
SiNW devices remained unchanged. This is expected since all the proteins had been blocked
by the free antibodies before they could bind to the antibody receptors on the SINW surface.
These multiplexing results demonstrate the potential of using SINW sensor arrays to parallel
detect the binding/unbinding of a variety of proteins in a single label-free and real-time assay.

5. Ultrasensitive and multiplexed detection of chemical threats. The conversion of silicon
nanowire field-effect transistors into ultrasensitive sensors for explosives detection was
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carried out by chemically modifying the nanowire surfaces following device fabrication. The
basic linkage chemistry involves two key steps. First, aminopropyltrimethoxysilane (APTES)
is coupled to oxygen plasma-cleaned silicon nanowire surfaces in order to present terminal
amino groups at the nanowire surface. Second, the amino groups are coupled to the respective
carboxyl-functionalized explosives analogs. Finally, the explosive-analogs modified nanoFET
devices are incubated, using a microfluidic channel, with the respective anti-explosive
antibodies, before the introduction of explosives samples during the displacement sensing
step. The displacement of the charged antibody units from the nanowire surface, caused by
the reaction with the small and uncharged free explosives molecules in sample, leads to
changes in the electrical signal of the devices.

The sensitivity limits of the nanowire FET devices for explosives detection were first
determined by measuring the conductance changes as the solution concentration of TNT was
varied, where the devices were modified with the TNT-analog and preincubated, to saturation,
with anti-TNT antibody (Fab fragments or whole antibody). Representative time-dependent
simultaneous data from two nanowire-devices in the same array show a well-defined
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conductance decrease and the subsequent return to baseline when anti-TNT antibody (0.1

Og/ml) and TNT solutions (1 nM) respectively, are alternately delivered through a
microfluidic channel to the TNT-analog modified devices.

The selectivity of the nanowire devices was investigated by cross-reactivity studies with
various impurities and breakdown products of TNT, the explosives RDX and PETN, and
other small molecules. Conductance versus time measurements recorded on a silicon
nanowire device modified with TNT-analog 1 exhibited similar conductance changes is
shown below.
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When 0.1 nM and 1 pM solutions of TNT were delivered to the device. These results show
that reproducible device to device sensitivity is achieved with these silicon nanowire sensors.
Moreover, no conductance changes of the nanowire devices were detected after delivery of
solutions containing 0.1 OM RDX or 100 nM DNP (dinitrophenol). These data demonstrate
the excellent selectivity of the nanoFET devices in the detection of specific explosives.

To test the capabilities of the nanowire arrays for multiplexed detection of explosives, we
first focused on the multiplexed detection of TNT, RDX, and PETN using silicon nanowire
devices functionalized with the respective carboxy-functionalized explosive analogs, as
depicted in below.

Conductance vs. time measurements were recorded simultaneously from NW1, NW2, NW3
and NW4 (control biotin-modified nanowire) as different explosive solutions were
sequentially delivered to the device array preincubated with the respective explosive specific
antibody. First, introduction of anti-TNT antibody, 0.10gr/ml, and subsequent displacement
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by TNT, 1 nM, sample solutions led to concentration-dependent conductance changes only on
NW1 device; no conductance changes were observed in NW2, NW3 or NW4. Similarly,
introduction of anti-RDX, 0.10gr/ml, and RDX, 3 nM, solutions to the device array yielded
conductance changes only in NW2, while subsequent delivery of anti-PETN, 0.10gr/ml, and
PETN, 5 nM, solutions to the array resulted in conductance changes only in NW3 (RDX and
PETN antibodies shown not detected cross-reactivity with TNT-related compounds and
between themselves). No conductance changes where detected on the biotin-modified NW4
used as an additional control to probe the specificity of the device array. These results
demonstrate capability for multiplexed real-time, label-free explosives, and other small
chemicals, detection with sensitivity down to the subpicomolar level and essentially complete
selectivity.

6. Development of ZnO nanowire mass sensors. The bottom-up approach of
nanotechnology has yielded many high quality, single crystal, and defect free structures like
the nanobelt. Piezoelectric nanobelts of ZnO become attractive in these applications because
of their perfectly faceted, beam-like geometry, making them ideal candidates as SMR, FBAR,
and beam resonators. However, handling belts can be cumbersome when attempting to
manipulate these materials into useful devices. In addition, the current operational frequency
range for devices that utilize electro-mechanical filters are between 200 MHz and about 6
GHz. In order to fabricate devices that operate within this range, films on the order of 500
nm-15 pm thick are desired.

Under the support of DARPA, a bulk acoustic resonator based on ZnO belts was
demonstrated. This device shows a great deal of promise in applications as an electronic

ZnO nanowire resonator. (a)
Schematic of the nanowire
resonator with Pt electrodes. (b)
Image of device prior to testing.
(c) SEM image of the nanowire.
(d) Close-up of the side-facets of
the ZnO nanowire and Pt
electrodes. (e) Depiction of the
stimulus applied across the
nanowire/nanobelt device.

filter, as well as a mass sensor. The fabricated device was characterized using vector
network analysis and both the first and third harmonics of resonance were observed at
approximately 247MHz and 754MHz, respectively. An one-dimensional Krimholt-Leedom-
Matthaei model was utilized to predict the resonant frequency of the device and confirm the
observed behavior.

14




7. Development of unique signal analysis methods. Given the output of a multiplexed array
with nanowires modified with a known set of modifiers, what is the content of the analyzed
sample? Variants of this include: Is a given virus present, and what is the most likely mix of
viruses. Given a desired list of viral agents of interest, what is an effective approach to
selecting modifiers so as to detect and distinguish the agents of interest? Factors to consider
include achieving adequate redundancy to tolerate nanowire failures as well as a selection of
modifiers that covers the space of viral agents of interest.

Our approaches are based on the representation of the array response to a viral agent as a
pattern of conductance change over nanowires with known modifiers. This representation
permits analysis of the output of such an array via belief network (Bayes) methods, as well as
combinatorial methods such as linear programming.  Our development explicitly
comprehends “noisy” output from the array, caused by either faulty nanowires or
contaminants. A nanowire modified with specific antibody receptors responds to viral
bindings as follows. Viral particles sampling but not binding to a receptor site on the wire
cause a transient change in conductance, which manifests as a spike of brief duration in a
trace of conductance versus time. Transient spikes are also observed coincident with fluidic
injections, and these spikes may correlate across nanowires in a multiplexed array so as to
allow removal of noise features correlated across wires. Specific bindings appear as a
“boxcar” change in conductance, either positive or negative, depending on solution pH and
the charge of the modifier. For a given concentration, the duration of the boxcar in time is
fairly consistent, as is the amplitude change. The observed response corresponds to single
viral particle bindings, and the interval of conductance change corresponds to a particle
attaching, remaining bound for some time interval, and then releasing, as confirmed by
electron micrograph. Some cases of multiple bindings to the same wire have been observed
by the Harvard team; these appear as superimposed boxcars in the trace.

An idealized conductance trace for a single nanowire, showing a transient spike feature
corresponding to a non-specific contact, a boxcar corresponding to a specific binding, and a
superimposed boxcar corresponding to a specific binding followed by a second specific
binding before the first particle releases.

Idealized conductance trace
showing, respectively, non-specific
transient spike, specific binding, and
superimposed specific bindings

Conductance

Time

An actual trace of data from the Lieber is shown below. There are two nanowires, the first
modified with anti-Influenza Type A antibody (NW1) and the second with anti-adenovirus
group III (NW2). The noise characteristics and boxcar shapes are typical of what we have
observed, although these traces do not exhibit significant trends.
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Matched filtering describes a variety of techniques whereby a representation of a signal of
interest is convolved with a series or image in which the signal may or may not be present.
Regions that agree well with the matched filter will correspond to local maxima in the
matched filter output. These local maxima are declared to be instances of the signal of
interest if they are above some threshold.

For reasons of computational efficiency, both signal and data are transformed, typically using
a Fast Fourier Transform (FFT). Convolution corresponds to point wise multiplication in
transform space.

Matched filtering is an optimal detection algorithm in the case of additive signal in white
noise. Much of the efficacy in the approach depends on conditioning of the data so as to
satisfy this assumption. Common noise sources include:

¢ Uncorrelated noise, which is often effectively removed by subtracting the data mean
and dividing by the standard deviation.

e Frequency content (in time or space), removed by estimation of and then dividing out
the power spectrum.

¢ Trends, which must be estimated and removed.

e Signal capture, in which the signal is sufficiently strong so as to significantly
influence estimates of noise, frequency content, or trend. For example, in typical
conductance traces in our case, the magnitude and duration of amplitude changes due
to specific bindings are sufficient to affect sample statistics.

For simplicity, our initial matched filter analysis considered only uncorrelated noise. As such,
the data normalization procedure is simply to subtract the grand mean and divide by the
standard deviation. This simple procedure achieves a degree of data whitening.

A matched filter is an idealization of the hypothesized signal one is trying to detect in the
data. In this case, the matched filter is a manually constructed -20 nS boxcar of duration 20 s.
For FFT indexing reasons, this is “unwrapped” to comprise 10 points of value -20 in the first
10 positions and 10 points of value -20 in the last 10 positions of an array 1024 long, which is
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otherwise zero. The matched filter is approximately whitened by dividing by the standard
deviation of the conductance data. We focused on the interval from 500 to 1523 seconds,
which provides 1024 points and is a convenient array size for Fourier analysis. Over this
interval, NW1 exhibits spike features only, so we focus on NW2 which exhibits one spike and
three boxcars. The whitened data and matched filter are processed through a Fast Fourier
Transform (FFT). The convolution of the matched filter and the data is achieved in transform
space as elementwise multiplication of the Fourier series. An inverse transform produces the
matched filter output, which is then normalized by dividing by its own standard deviation (it
is in theory zero mean — the mean we obtained here was 1.8e-11). The data below shows the
normalized data trace for wire 2 as well as the matched filter output.
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Peaks in the matched filter output correspond to regions of maximal match between the data
and the filter. Although this is a somewhat simple case, we observe as expected three matched
filter peaks corresponding to the bindings of interest, with no matched filter ringing at the
transient spike or anywhere else along the trace.

Histogram Detrending and Advanced Detection. Data below shows a nanowire
modified for Influenza detection, in an experiment where first Influenza only and then a
mixture of Influenza and Parmyoxovirus are introduced. The latter introduction is
immediately before the break in the trend (at time 1300).
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This influenza/parmyoxovirus data show a significant nonlinear trend and also contains
signal transitions that deviate from the boxcar model (possibly the result of sequential virus
binding/unbinding). Data such as this requires more sophisticated processing than presented
above in order to estimate and remove the trend. Three detrending approaches were tried with
this data. The first method is a conventional curve fitting method in which we fit a global
function to the entire data set and subtract that function from the data (assuming that the fitted
function represents the data trend). The global fitting approach turned out to be undesirable
because the change in conductance at approximately 1300 seconds produces a persistent shift
in the data mean and biases the trend locally. Another approach is to model the trend locally
using a moving average. The trend and bias removal is better than for the previous fitted trend
removal case. However, the moving average still shows some variation near binding events.
Nonetheless, this result is much more appropriate for other modeling (e.g. autoregression) and
detection techniques (matched filtering).

Finally, a more sophisticated approach is taken in which a histogram is utilized to obtain a
more accurate representation of the local mean. In this approach, a histogram is computed in
much the same way as the moving average. In this case, histograms are successively
computed over a 200 second moving window. Each histogram represents a density function
of the conductance values within the window. Since the data is largely characterized by
slowly moving trends and boxcar or step functions, the histograms will typically exhibit one
or two distinct populations, the latter in the case that the window contains significant points
from the background and the signal.

By using the maximum value of the largest population in the histogram, we can estimate
the mean value of the local window in the data. Step changes in the data will be regarded as
sudden changes in the mean as opposed to a bind or unbind signature unless additional
measures are taken. We process the original data by choosing the value of conductance for the
maximum count value of each histogram as the local mean at that point. Then we move the
window and repeat the computation for each point in the original time series. The original
time series data detrended by this model is shown below.
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With the histogram model, the bias and trend removal is more stable near binding events.
From a qualitative point of view, the signal to noise ratio seems slightly greater with the
histogram model. One disadvantage with this method is that the single step in the data at
1300 seconds appears as a spike rather than as a boxcar function — additional analysis might
be necessary to detect these transitions if that were desirable. Another disadvantage of this
method is that it is computationally much more expensive than the others. However, this
method can be applied incrementally as data is gathered, so the cost may not be significant.

Detection in notional multiplexed nanowire arrays. Our team has proposed multiplexed
arrays for more reliable detection of viral agents (reliability achieved through redundant
nanowires similarly modified) as well as detection of diverse agents with a single array. To
date, the team has built arrays with fewer than ten wires and limited redundancy. The
eventual objective is to scale to arrays of hundreds or thousands of nanowires. Multiplexed
arrays will consist of multiple nanowires modified with the same antibody, drawn from an
antibody library. Ideally an antibody is specific to a viral agent. In practice, we expect to see
some weak bindings (lower amplitude conductance change and/or shorter duration of binding)
in the case of an antibody specific to a virus variant from the same family as the viral agent
being analyzed in a given run. For example, an adenovirus variant is expected to exhibit
strong bindings to wires modified with antibodies specific to the variant, and weaker binding
to some wires modified with antibodies specific to other adenovirus variants. Bindings to
wires modified for other viral families (for example, adenovirus bindings to wires modified
with influenza antibodies) are expected to be rare.

A simple detection approach that might prove robust for many types of nanowire data is
simple threshold testing. In testing for substantial viral or chemical concentrations (as
opposed to single virus or particle detection), one can expect binding-event signals such as in
the above figure lasting 10s to 100s of seconds as compared to noise events (~1 second). In
such a case, low pass filtering can remove a large percentage of electrical noise and spiky
“sampling” events on the nanowires. The resulting signal can be tested against a threshold to
detect the presence of a binding event.

As an example, we use the CT antibody nanowires NW1 and NW2 from data provided by
Lieber. Applying a low-pass filter to the NW1 and NW2 data result in the signatures shown
below. Applying a threshold on the negative-going waveform produces detections of the
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binding events. The result from NW2 demonstrates that care must be taken in setting the
threshold. One trades detection sensitivity against the likelihood of false alarms in noisy data.
If the threshold is set too close to the origin, the algorithm will interpret excursions in the
noise as detections. A threshold too far away from the origin will miss lower amplitude
conductance changes due to lower concentration samples.

The appropriate filtering and threshold value depends on the requirements for the
particular application. A separate threshold would likely be necessary for each wire in an
array - awkward for very large arrays. However, the threshold could be adaptively set
depending on the background noise. A one-time calibration phase where the instrument is run
on a neutral sample (to determine noise levels) or subjected to actual samples would allow
calibration of the algorithm. It would also be possible to dynamically adjust thresholds (and
thus false alarm rate or sensitivity) while the instrument runs by maintaining some
instantaneous measure of background noise for each nanowire. At the very least, individual
thresholds would be necessary to accommodate junction variations from the fabrication
process. An advantage of the threshold technique is that it is simple and very well understood.
It is also very easy to pass event width and height information along for more processing — for
instance, determining the concentration of a virus as well as its presence or combining the
signature of several similarly treated nanowires. A disadvantage to the threshold approach is
susceptibility to noise. The matched filter or correlation filter techniques are much more
resistant to non-Gaussian noise because they would depend on the overall “boxcar” shape of
the signature. However, the width and height of binding signatures can change depending on
solution concentration and pH. The matched filter approach would require a bank of matched
filters for various “boxcar” dimensions or some normalization calculation to map the
signatures to a standard width or height.

The preceding results mostly agree with intuition, but with some exceptions. The noise
models underlying the situation are ad hoc, but we observe ambiguity in the case of
competing bindings or non-specific bindings. It is essential to characterize the noise in the
response from multiplexed arrays. This noise will be reduced as similarly modified
nanowires are replicated in greater numbers. However, we should not assume the noise
reduction that would be obtained from independent replicates because the wires may respond
similarly for some underlying common mode effect (for example, a process artifact for a
batch of wires similarly modified).
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