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Abstract

Point-of-care diagnostics show promise in removing reliance on centralized lab testing facilities,
and may help increase both the survival rate for infectious diseases as well as monitoring of
chronic illnesses. CMOS compatible diagnostic platforms are currently being considered possible
solution as they can be easily miniaturized and can be cost-effective. Top-down fabricated silicon
nanowires are a CMOS-compatible technology which have demonstrated high sensitivities in
detecting biological analytes, such as proteins, DNA, and RNA. However, the reported response
of nanowires to these analytes has varied widely since several different functionalization protocols
have been attempted with little characterization and comparison. Here we report protocols for
fabrication and functionalization of silicon nanowires which yield highly stable nanowires in
aqueous solutions, and limits of detection to ~1pg/mL of the model protein used in the study. A
thorough characterization was done into optimizing the release of the silicon nanowires using
combined dry and wet etch techniques, which yielded nanowires that could be directly compared
to increase output statistics. Moreover, a range of different linker chemistries were tried for
reacting the primary antibody, and its response to target and non-specific antigens, with
polyethylene glycol based linker BS(PEG)s providing the best response. Consequently, this
chemistry was used to characterize different oxide thicknesses and their responses to the mouse
IgG antigen, which with the smallest oxide thickness yielded 0.1-1pg/mL limits of detection and a
dynamic range over 3 orders of magnitude.

Introduction

The electronics technology revolution which has occurred over the past decade, in large part
due to the aggressive scaling of semiconductors dictated by Moore’s Law?, has allowed for
Complementary Metal-Oxide Semiconductor (CMOS) technology to become a plausible
platform to meet many of the requirements for portable biosensors, especially when it comes
to cost and miniaturization.2 Metal oxide semiconductor field-effect transistors
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(MOSFET’s), the workhorse of CMOS technology, can be configured as a biosensor by
modifying the gate with biological entities specific to the analyte of interest. Attachment of
chemical and biological species to the device surfaces (with or without a metal gate) has
allowed for a wide variety of analytes to be detected such as metal ions®-10, small
molecules!1~20, proteins?127, and DNA28-32_ Silicon nanowire FET’s have proven to sense
biomarkers in clinically relevant levels33-40, and more recently demonstrated using CMOS
compatible processing techniques®1-43, The high sensitivities of nanowires have often been
attributed to their high surface area to volume ratio, as well as their widths being similar in
dimension to biological species such as proteins and DNA.#4:45 Even though nanowires
promise incredible sensitivity, the variety of device configurations (floating gates, with and
without reference electrode, enhancement or depletion mode) in conjunction with the
different functionalization and sensing protocols have led to large discrepancies in the
magnitude of signal output.*6 Surface functionalization protocols for analyte detection using
optical methods has been well established*’-52, with a multitude of protocols which yield
detection limits in the pg-ng/mL range of analytes®3>4, However, very little has been done
in regards to understanding sensing protocols for electronic-based, label-free sensors.

In this work we characterize and provide possible solutions for two important problems in
silicon nanowire sensing: the fabrication and device release of silicon on insulator (SOI)
based nanowire FET’s, and the surface functionalization of nanowire FET’s. Silicon
nanowire FET’s of different gate oxide thicknesses were fabricated and released using
combined dry and wet etch techniques, yielding devices with threshold stabilities in the
single mV range in aqueous solution. Previously we showed that monofunctional silanes
could be used for high density, sub-nanometer interfacing to oxide surfaces, providing
attractive qualities for interface dependent sensors.>® Here we use these monofunctional
silanes with different linkers to elucidate protocols for attaching primary antibodies to
surfaces which yield high specificity and sensitivity, while adhering to mainstream
functionalization techniques. Using mouse immunoglobulins as the model antigen, goat-
antimouse IgG’s were functionalized to the surfaces using an optimized protocol, which
yielded sensitivities between 0.1-1 pg/mL for a 50A° gate oxide thickness. Moreover,
sensitivities achieved against other similar IgG’s from rabbits and different isotypes yielded
minimal signal change. Current work involves using these protocols on foundry-grade
CMOS chips to sense a wide variety of cancer biomarkers, in hope to improve the
understanding of how to generate repeatable results on electronic-based biosensor platforms.

Experimental Section

Materials

The detailed fabrication outline of the SiO, nanowire process and materials, as well the
formation of the 3-aminopropyldimethylethoxysilane (APDMS) monolayer, can be found in
the supporting information.

Dissucinimidyl Carbonate (DSC), glutaraldehyde (grade I, 50% in H20), 1x PBS (molecular
biology grade), Tween-20, and sodium cyanoborohyrdide were purchased from Sigma-
Aldrich. The linker BS(PEG)s5 was acquired from Pierce Scientific and a septum applied to
the vial for air-free extraction using a syringe. The molecule was stored at —20°C until use.

The linker chemistries were then reacted onto the chips before primary antibody attachment.
The DSC, BS(PEG)s, and glutaraldehyde linker chemistries were reacted with the APDMS
monolayer at 2% (w/v) in dry DMF for 2 hours. The glutaraldehyde layer was then reduced
with a 1% sodium cyanoborohydride solution to remove Schiff bases. All chips were finally
rinsed in acetone and methanol, then blown dry with No. The primary antibody was then
reacted on the chips in 150 mM sodium bicarbonate buffer, pH 8.5 and rinsed with 1x PBS/
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0.05% Tween-20 for 1min, then 0.1x PBS for 1min. Devices were blocked with a 1x
solution of BioFx Casein blocker for 30 mins, rinsed in 1xPBS/0.05% Tween-20 for 1min,
then 0.1x PBS for 1min.

Measurement Details

Measurements were carried out using a Keithley SCS-4200 semiconductor characterization
system and Agilent multiplexer. Devices were anchored to ceramic packages and wire
bonded to leads on the outside of the package, and backfilled with epoxy for isolation. For
fluidic measurements, the device was biased using an Ag/AgClI reference electrode in an
aqueous electrolyte solution, and a PDMS fluidic well (volume ~10 uL) was bonded on top
of the chip (Supplementary Fig. 1). The platinum window was not utilized as an electrode
for measurements since its stability in solution was worse than the Ag/AgCl electrode and
led to larger drifts.>6 A Harvard Apparatus syringe pump was used at a flow rate of 20 uL/
min to deliver analytes through microbore PTFE tubing (Upchurch Scientific) attached to
micromanipulators, while a dry vacuum pump (Chemglass) was utilized to exchange
solutions from the well. The ceramic package was put into a PC board linked to a switch
matrix unit, which was hooked to the Source Measuring Units (SMU?’s) inputs of the
Keithley SCS-4200 system. For a particular device, the source-drain current (Ips) was
measured while the gate voltage (Vq) was swept, and the Ips-Vg curves recorded. Each
device was swept 5 times, with the average curve and standard deviation of each
measurement being extracted.

For electronic studies of primary antibody adsorption, the antibodies were flowed at a rate of
20uL/min for 5 min, then stopped and allowed to react with the given surface chemistries for
1 hour using the conjugation protocol above, and finally were measured in 0.01x PBS, pH
7.4. For target analyte detection using nanowires, the analytes were dissolved in 1x PBS/
0.05% Tween-20 to their respective concentrations and flowed over the devices using a flow
rate of 20uL/min for 5 minutes. The antibodies were allowed to bind for 30 minutes, then
rinsed in 1x PBS/0.05% Tween-20 for 1min, 0.1x PBS for 1min, and finally measured in
0.01x PBS, pH 7.4.

Fluorescence and Bright Field Imaging

Bright field and fluorescent images for the binding specificity and primary antibody
adsorption were taken with a Nikon Eclipse FN-1 microscope using a DS-R1 CCD camera
(8-bit imaging) and Mercury lamp. Bright field images were taken with exposure times
between 10-20ms using an automatic exposure mode. Fluorescent images were taken at an
exposure time of 1s with a 1.2s automatic shutter. Texas Red labeled antibodies were
conjugated to thermally oxidized silicon wafer pieces (1um thick via wet oxidation at
1000°C) using the bioconjugation and rinsing procedures highlighted above, and imaged
using a Y2E/C filter cube at an exposure of 400ms and gain of 1.5x. Similarly, Texas Red
modified target immunoglobulins (4 moles dye/mole antibody) were imaged on nanowires
and thermal oxide substrates using the same exposure as above for direct comparison.

Results and Discussion

Each chip was fabricated with different device widths and structures for sensing and
application of biases to the solution. Figure 1A and B show optical micrographs of the
device and platinum (Pt) release window areas before etching, with photoresist patterned to
expose the device areas for etching. The color of the device release window area is due to
the constructive and destructive interference of incident wavelengths of light through the
dielectric layers, giving us a pink color before starting the device release. A schematic of the
etching process with the device release window is shown in Figure 1C. Briefly, a CF4 RIE
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etch is used to remove the passivation layer, and a 50:1 BOE wet etch applied to thin the
gate oxide. Using a wet etch for the final few nanometers helps to remove any RIE damage
the gate oxide may have been exposed to.

In order to determine the time duration of the RIE etch for device release, the different etch
rates of SiN, SiO,, and Pt were determined. Sacrificial chips were etched for various times
in CF4, and the etch depth measured with a stylus profilometer. Moreover, optical images
were taken of the release window to document the color at each etch depth. Figure 2A shows
the etch depth vs. etch time for the device release window (blue circle) and the platinum
release window (black square). On top of the graph are optical micrographs of the nanoplate
devices to indicate the color observed at each etch step. It is well known that the etch rates
of SiN, thermal SiO,, and Pt are quite different in CF4 plasmas, leading to three different
etching regions, with their order of etching displayed in Figure 2A. For the device release
window, PECVD nitride (region 1) and thermal SiO5, (region 2b) are encountered, while for
the platinum release window only PECVD nitride and platinum (region 2a) are encountered.
We linearly fit each of the etching regions in Figure 2A and extracted the etching rates (see
Table S1 in supporting information). PECVD silicon nitride is known to etch quite fast in
CF4, with a selectivity against thermal SiO, between 3:1 and 4:1, and platinum is known to
act as an etch stop. These etch rates agree well with our findings. Moreover, the different
release window areas etch at similar rates for PECVD nitride, indicating minimal issues due
to loading effect. By linearly extrapolating the fits of the different etching regions, we can
estimate an RIE stop point time (dashed black line) before beginning the wet etch of the
SiO5 gate oxide, which is close to 300s.

After a 300s CF,4 RIE etch, 50:1 BOE was used to remove any local RIE damage and thin
the gate oxide. The etch depth was monitored with a stylus profilometer as before, and the
etching information displayed in Figure 2B. The color of the device release window is also
monitored, and displayed on top of Figure 2B. Similar to the CF4 RIE etch, platinum (black
square) does not etch in BOE and acts as a good reference etch stop, displayed in Figure 2B
as no change in height above the platinum is observed. The approximate gate oxide
thickness (green diamond) is extrapolated from the depth change from the profilometer and
the grown oxide thickness of 175A°, determined by AFM. These protocols were used
successfully to determine the etch depth and approximate gate oxide thickness for further
experiments.

For immunological sensing of various protein analytes, the surface must be functionalized
with a primary antibody and blocked effectively in order to maximize the signal to noise
ratio. With regards to ISFET’s this point is particularly important, since maximizing the
charge density to interface while minimizing steric hindrance is paramount to the efficiency
of the device. In order to determine an optimum linking protocol, a monofunctional
aminosilane was vapor deposited and various linker groups (for chemical structures and
deposition method see supporting information) containing NHS esters or aldehydes were
reacted to link amine or sulfhydryl containing groups on the primary antibody. The
antibodies were then reacted and chips blocked according to the procedures outlined in the
experimental section. In order to determine the best linker chemistries, fluorescence images
were taken on functionalized blank SiO, surfaces and corresponding electrical response on
the silicon nanowires, displayed in Figure 3.

Our model system was composed of Goat Anti-Mouse 1gG with mouse 1gG as the target and
Rabbit 1gG as the nonspecific binder. Each was either labeled with Texas Red (4 moles dye/
mole protein) or left unlabeled. The intensity of primary antibody attachment was first
investigated using a concentration of 10 ug/mL, a common coating concentration for ELISA
assays. A non-competitive binding assay was then done using an unlabeled primary
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antibody, where either a specific or nonspecific binder (Texas Red labeled) was added at a
concentration of 1 ug/mL. The fluorescence intensities for each of the linker chemistries are
in Figure 3A. From the intensities, we calculated the hon-competitive binding affinity
towards the specific and non-specific targets and the percent coverage of the target analyte
(see Table S3 in the supporting information). Even though the fluorescent intensity for the
DSC linker is the greatest, the specificity is the highest with the BS(PEG)s linker. The
glutaraldehyde linker displayed the worst specificity and antibody linkage, outside of the
bare APDMS surface. We attribute the high specificity of the BS(PEG)s to the inert nature
of the poly(ethylene glycol) spacer units. We believe the poor linkage density of the
glutaraldehyde layer is due to the labile nature of the Schiff base formation for primary
antibody coverage. As a result more aldehyde groups are accessible, even after blocking, for
reacting with nonspecific analytes. The maximum percent coverage of the specific analyte is
within error for each of the reaction chemistries, indicating the primary antibodies attach in
similar conformations on the surface with the same binding affinities.

Since the coating conditions for large scale areas (100pm-1mm) may vary at nanoscale
dimensions, we characterized the response of the silicon nanowires to concentrations of
reacted primary antibody with each linker. Each primary antibody concentration was reacted
for 1 hour, which has been demonstrated to be enough time to reach saturation points for
protein adsorption to monolayers. The devices were rinsed after incubation, and the
threshold voltage was extracted. The change in threshold voltage was then plotted for each
of the linker chemistries in Figure 3B. From the curves, we observe that saturation is nearly
achieved at 100 ng/mL antibody concentration for all layers, justifying 10 ug/mL as being
more than enough to reach a saturation linkage amount for the sensor in a 1 hour reaction
time. When the threshold voltage shifts are normalized similar to the fluorescent intensities,
we notice how important the distance to the surface becomes, as the normalized electrical
response of the varying linker chemistries is greater than the fluorescence. Moreover, the
effect doesn’t scale proportionally to the fluorescence. We attribute this to the surface
charge density having a more pronounced effect, leading towards saturation faster, than does
fluorescence. This effect has been observed with DNA FET’s, as probe adsorption densities
can change an order of magnitude (1011 molecules/cm? to 1012 molecules/cm?) with only
10-20 mV changes due to ion concentration redistribution around the layer. 46 As a control,
we took fluorescence micrographs after 100ng/mL adsorption for 1 hour of each of the
different linker chemistries near the release windows. The fluorescence micrographs are
displayed in Figure 3C. The fluorescence intensity trend correlates with the electrical
response, with the highest fluorescence indeed being observed with DSC and tailing off
towards the APDMS. We have summarized the intensities of the primary antibody
fluorescence and electrical response in Table S2 of the supporting information. The
difference in the fluorescence intensity near the nanowires is not due to a change in the
linkage density, but rather to fluorescence interference contrast by the underlying silicon
layer.>”

Silicon nanowires are known to display higher pH sensitivities than planar ISFET’s due to
their increased surface area to volume ratio and are of high interest to enzyme modified
reactions which generate hydrogen ions as the metabolic product. The sensing based upon
pH changes on FET’s is currently being used in genomics and semiconductor sequencing by
such companies as DNA Electronics®8 and lon Torrent>®. For enzyme modified nanowires
this requires access to pH sensitive groups on the surface, the linkage monolayer, or the
protein, which will alter the surface potential. We have looked at pH sensitivity of the
silicon nanowires before monolayer deposition, after monolayer deposition, and after protein
deposition and blocking. The threshold voltage was monitored vs. the pH of a 1 mM
Robinson buffer (See Figure 3 in supporting information). The range is quite linear for the
bare SiO» dielectric and the APDMS monolayer, but there is a distinct inflection point in the
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protein curve between pH 6 and 7. We attribute this to the protein being near the isolectric
point, with different buffering capacities above and below the isoelectric point, leading to
different pH sensitivities.60:61 In particular, the isoelectric point of goat 1gG’s has been
determined experimentally to be 6.3,2 which agrees well with our inflection point
observation for the goat anti-mouse IgG antibody on the surface of the nanowire FET. We
linearly fit the curves starting at pH 7 and constructed a table of the pH sensitivities. Overall,
the highest pH sensitivity was conferred by the APDMS layer, as amines are known to have
a higher buffering capacity than hydroxyl groups. However, the devices reacted with
primary antibody had the lowest pH sensitivity, with only 32mV/pH unit. The advantage of
this decrease in pH sensitivity for the devices is less drift due to slight pH changes in the
buffer solution. However, the disadvantage would be decreased signal for proton generating
enzymes. In our case, the change is beneficial since our detection is strictly due to antibody-
antigen binding.

The high specificity of the silicon nanowires was demonstrated using competing antigens of
similar structure to the analyte of interest, namely Mouse IgG. As negative controls,
polyethylene oxide (PEO) MW 100,000 and the sensing buffer (0.01x PBS) were used. The
competing antigens utilized in the experiments included Human and Rabbit 1gG, as well as
Mouse IgA. The Id-Vg curves for silicon nanowires were taken in 0.01x PBS after
incubating the devices with 10 ng/mL of the antigens for 1 hour, and are in Figure 4A. The
corresponding shift in the threshold voltages with respect to the curve for 0.01X PBS is in
Figure 4B, with the calculated device specificity towards Mouse 1gG in Figure 4C. The Id-
Vg curves show very little shift due to the nonspecific binding entities, with a high
uniformity as these curves are averaged over 5 nanowires (N=5). The error bars represent a
pooled standard deviation for each of the 5 devices, comprised of their individual standard
deviations. The affinity of the goat anti-mouse 1gG towards the analyte of interest ranges
between 15-26 times depending on the competing immunoglobulin. This result agrees well
with the fluorescence specificity in Figure 2, verifying that nanowires can provide
specificities as good if not better than standard ELISA or fluorescent assays.

The aforementioned protocols for functionalizing nanowires have shown that they can lead
to highly stable measurements and provide high binding specificity. However, the limit of
detection for nanowires using this BS(PEG)5 protocol or similar linking chemistries has
been seldom studied. Moreover, the dependence on the gate oxide thickness has been poorly
characterized. The gate oxide thickness, and thus gate capacitance, directly affects the
amount the surface potential changes the current through the underlying conducting silicon
channel. In Figure 5A we plot the normalized 1d-Vg curves of nanowire devices with
different gate oxide thicknesses. The extracted subthreshold slope (S.S) for each gate oxide
thickness is included as a table in Figure 5A. As the gate oxide thickness increases, the
subthreshold slope becomes poorer and the devices threshold becomes more positive. This is
in accordance with classical models for subthreshold swing in accumulation mode SOI
MOSFET’s. 6364 The shift to the right of the threshold voltage with thicker gate oxides is
due to extra fixed negative charge and interface traps in the SiO, dielectric. We set the
threshold voltage at 1x 1073 on the normalized curve, denoted by a dashed line.

The sensitivity of the devices versus the thickness of the gate oxide is shown in Figure 5B.
Concentrations of mouse 1gG were titrated in for 30 min binding periods, then rinsed and
measured in 0.01x PBS. The threshold voltage was extracted at the normalized value in
Figure 5A for each gate oxide thickness, and plotted vs. the mouse 1gG analyte
concentration. The nanowires also appear to have a V; response which scales linearly with
respect to a logarithmic increase in mouse 1gG concentration. This response appears to span
at least 4 orders of magnitude from 0.1-100 pg/mL for the 50 A gate oxide, while the 90 A
and 150 A oxide have a linear response from 0.1-1000 pg/mL A linear fit (dashed lines) to
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the semi-log plot was performed for each of the oxide thickness in its linear dynamic range,
and the critical values extracted from this fit are shown in Table 1. The average of three
devices was used for each gate oxide thickness. In agreement with theory, the largest gate
oxide thickness showed the poorest sensitivity with a limit of detection (LOD) of 0.15pg/
mL, while the 90 A and 50 A thicknesses had LOD’s of 0.125 and 0.0536 pg/mL,
respectively. Similarly, the sensitivity to charge (portrayed in the slope) of the oxide
thicknesses increase in magnitude with decreasing oxide thickness. The apparent dynamic
range of the sensor also does appear to shift towards higher concentrations with increasing
gate oxide thickness. We attribute this to the fact that trapped and mobile charges in the
thicker oxides reduce the influence of the electric field generated by the proteins, thus
reducing their influence on the conductance of the channel. Although analytes may very
well be binding on the thinner oxide, the channel is effectively saturated.

Conclusions

In this work we successfully demonstrated a functionalization and device release protocol
for silicon nanowires which is capable of sensing large immunoglobulins to sub pg/mL
levels. By using a combined dry and wet-etch technique, we were able to tailor the thickness
of the gate oxide, thus changing the working dynamic range of the sensor. This method also
yielded highly stable nanowires in solution capable of long-term measurements, with several
wires yielding the same characteristics. We evaluated several different linking chemistries
which may be utilized for protein attachment by amine and thiol groups, both by
fluorescence and the electrical response of silicon nanowires. The maximum amount of
primary antibody and target antigen binding occurs with disuccinimidyl carbonate (DSC)
linker, yet the best ratio of specific: nonspecific binding in a non-competitive environment is
conferred with the BS(PEG)s5 linker. The differences between the normalized fluorescence
response and electrical response were also characterized, demonstrating the electrical output
is more sensitive than the fluorescent output using the same reaction conditions. In order to
verify the results, fluorescence images were taken on the nanowires of the primary antibody
reaction and showed a similarly scaling trend.

Using BS(PEG)5 as the model linking chemistry, the affinity of the nanowires for
nonspecific binding was also explored. The silicon nanowires demonstrated excellent
resistance to non-specific binders, yielding non-competitive binding ratios of Mouse 19G
and Rabbit 1gG (calculated from the threshold voltage shift) similar to those extracted from
fluorescence. This result, given the output sensitivity being more on the nanowires, is quite
encouraging and indicates the affinity of the antibody to the different protins being even
better than that confirmed optically. Finally, the dose response of the nanowires to the target
antigen (mouse 1gG) versus the gate SiO, thickness was explored. The subthreshold slope of
the devices demonstrated the proper scaling trend for increasing gate oxide thicknesses, and
was used as a control to verify the oxide thickness. We demonstrate the sensitivities of the
different oxide thicknesses to the antigen, showing the device sensitivity changes with the
oxide thickness, as does the dynamic range of the sensor. The thinnest gate oxide
demonstrated limits of detection to 0.054 pg/mL using the BS(PEG)s functionalization
protocol, with a dynamic range spanning 4 orders of magnitude.

We have provided an in-depth analysis of linker chemistries on silicon nanowires. Utilizing
the best protocol chosen from these findings, another study into different gate oxide
thicknesses and their dose response to a model protein was undertaken, giving an even better
in-depth perspective into the capabilities of nanowires as a point-of-care diagnostic
platform. Gate dielectrics have now turned towards high-k platforms, which can offer even
better sensitivities without sacrificing device characteristics, such as increasing gate leakage.
We hope by using new high-k platforms we can achieve even better sensitivity and more
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stable devices in the future, in hopes of bringing CMOS compatible platforms to the point-
of-care market.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Optical micrographs of the device release windows and surrounding titanium/platinum leads
for silicon nanowires (A), nanoplates, and the Pt window (B). The light hue surrounding the
release window areas is due to the thickness of the patterned photoresist. A schematic of the
device and Pt window cross sections are shown in (C) illustrating the etching process to
release the devices and Pt window. The legend for the different layers is below the cross
sections.
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Figure2.

The etch depth of the device and platinum release windows vs. RIE etch time is plotted in
(A) with linear fits (dashed lines) to each of the etching regions. The extrapolated area
where the PECVD SiN has been entirely etched is shown by the black dashed line. The etch
depth of the device and platinum release windows for the 50:1 BOE etch is plotted in (B)
with the extracted gate oxide thickness. Optical images illustrating the color of the
underlying nitride/oxide for each release time step is on top of the graphs for (A) and (B).
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Figure 3.

Fluorescence intensity bar graph (part A) on thermally oxidized silicon surfaces showing the
effect of conjugation linker on primary antibody fixation (Goat anti-mouse 1gG) and
subsequent specific/nonspecific target binding (Mouse IgG vs. Rabbit IgG). Each antibody
and immunoglobulin was Texas Red labeled in order for direct comparison. The threshold
voltage shift (Vt) of the silicon nanowires with respect to the primary antibody concentration
and the linker chemistry is shown in (B). Fluorescence micrographs of silicon nanowires
after Texas Red labeled antibodies were deposited at 100 ng/mL on the various linker
chemistries are in (C).
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Figure 4.

The 1d-Vg response of nonspecific binding analytes vs. mouse 1gG at a concentration of
10ng/mL is in (A). The change in the threshold voltage using 0.01x PBS as a reference for
each of the biological analytes is plotted in (B) and the extracted specificity towards mouse
IgG in (C). Device measurements were taken in 0.01x PBS, pH 7.4. The error bars represent
a pooled standard deviation over the 5 measurements.
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The representative 1d-Vg curves of three different silicon oxide gate dielectric thicknesses
(normalized) are shown in (A). The subthreshold slopes (S.S) of each of the devices (inset
table) show better S.S. with decreasing oxide thickness, and where the V1 for the device is
taken at 1x1073, indicated by the dashed line. The change in the threshold voltage versus
Mouse 1gG concentration is shown in (B) for the three different oxide thickness devices
shown in A. Measurements were taken in 0.01x PBS, pH 7.4. Linear regressions were
performed on the suitable dynamic range of each oxide thickness (dashed lines) and the limit
of detection extracted for each of the thicknesses.
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Table 1

Table of values for the linear regression of the nanowire response to Mouse 1gG vs. the gate oxide thickness
from Figure 5B. The limit of detection was taken at the 95% confidence level.

Tox(A") | Slope(mVilog (CMouseigs )) | MouselgG at V1 =0(pg/mL) | LOD g5y, c. (Pg/mL)

50 -302.0 0.0383 0.0536
90 -180.1 0.0477 0.125
150 -325 0.0578 0.150
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