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LIST OF FIGURES
Figure 1.1 - Milestones in ED and EP-enabled electrically-transduced chemical sensing
and biosensing. The references highlighted here can be found in Section 1................... 3
Figure 1.2 - Electrodeposition of a virus-PEDOT bioaffinity layer. a). The virus-PEDOT
electrodeposition reaction, b). QCM analysis of virus-PEDOT electrodeposition shows
increased mass loading as a decrease in frequency. ¢) Frequency change versus
deposition charge, Quot, for QCM measurements. The positive deviation of Df for virus-
containing solutions is due to virus incorporation into these films. d) Calibration curve
showing the linear correlation of the virus concentration within the PEDOT film (vertical
axis) versus the concentration of virus in solution. (e-j). Topography of virus-PEDOT
films imaged by scanning electron microscopy at two magnifications. All films were
prepared using 10 deposition cycles (20 mV/s) from a solution of aqueous 12.5 mM
LiClO4, 2.5 mM EDOT, and virus particles at three concentrations: (e,f) [virus]son = 3
nM, (g,h) [virus]son = 9 NM, and (1,j) [virus]som = 15 nM. After Ref.4%.........cccoeviviverienenn, 9
Figure 1.3 - The Two-Sided Biosensor: A Monolithic Biosensor for Human Serum
Albumin (HSA). a). Engineering diagram of two electrode virus-PEDOT biosensor. b,c)
Nyquist plots (Zim vs. Zre) for a control protein (BSA) and HSA. D). Signal-to-noise
versus frequency plot for HSA and BSA. E). DRre versus HSA concentration calibration
curve. Controls for BSA, and off-virus binding also shown. After Ref.44....................... 11
Figure 2.1 - Two ELISAs for M13 phage binding of DJ-1: a) Phage ELISA of the DJ-1-
binding phage DL-1 and a negative control Stop4 phage. Here, DJ-1 is immobilized and
the DL-1 phage is detected. The data were fit with a four-parameter logistic curve fit (R?
= 0.9230). Measurements were performed in triplicate; error bars represent the
standard deviation of the mean. b) Sandwich ELISA of DJ-1. In this case, DL-1 phage
(or the control Stop4 phage) are immobilized and the DJ-1 protein is detected. This
format mimics the function of the VBR. The data were fit as described above (R? =
0.9944). Measurements were performed in triplicate; error bars represent the standard
deviation Of the MEAN. .........uii e 15
Figure 2.3 - The Virus BioResistor (VBR). a) Rendering of gold electrodes for a two-
VBR chip showing its dimensions. The two electrodes at left comprise one VBR and the

two on the right a second VBR. These two VBRs will share a single bioaffinity layer. b)
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The three-step process for fabricating a VBR: Step 1 — a conductive PEDOT-PSS base
layer is spin-coated onto the gold-on-glass template shown in (a). This film is baked at
90 °C for 60 min; Step 2 — A poly(methylmethacrylate)(PMMA) cell is attached on top of
the dried PEDOT-PSS film; Step 3 — the PMMA cell is filled with aqueous EDOT-virus
plating solution, and a virus-PEDOT film is deposited by electrooxidation. This VBR
biosensor is ready for use. c) Photograph of a two-VBR chip with PMMA solution cell.

Figure 2.4 - Electrodeposition and SEM cross-sections of virus-PEDOT bioaffinity
layers. a). A virus-PEDOT bioaffinity layer is electrodeposited on a PEDOT-PSS base
layer using two voltametric scans, as shown. The plating solution is aqueous 2.5 mM
EDOT and 12.5 mM LiCIlO4, 8 nM virus, and the scan rate is 20 mV/s. The DC
resistance, Rpepot-pss, of the PEDOT-PSS layer here is 75 - 79 Q. b). Same
electrodeposition process for a thinner, PEDOT-PSS base layer with Rpepot-pss in the
range from 240 — 380 Q. c,d). Cross-sectional SEM images of these two layers show
that the more conductive PEDOT-PSS layer (Rrepot-pss = 75— 79 Q) is 70 nm (x 3 nm)
in thickness whereas the less conductive PEDOT-PSS layer is 48 nm (x 2 nm) in
thickness. The electrodeposited virus-PEDOT layer is also somewhat thinner in (d)
relative to (c) in accordance with the lower deposition currents observed for the second
(0 1=T 0T 1S 1 0] g Yo T o PP PEEERRT 20
Figure 2.5 - Plan-view SEM images, acquired with secondary electron detection (SED),
of virus-free (a,b) and virus-containing (c,d,e) bioaffinity layers. (a,b) Control VBR
bioaffinity layer prepared by electrodeposition from a solution containing no virus
particles. Micron scale protrusions from the surface of this film are characteristic of
electrodeposited PEDOT. These protrusions are not seen at PEDOT-PSS films
prepared by spin-coating. We refer to these structures as “PEDOT stalagmites”. (c,d,e)
VBR bioaffinity layers containing M13 virus particles. Filamentous M13 virus particles
comprise the dark regions of these images. Lighter gray regions contain no virus.
PEDOT stalagmites are also observed. Enhanced contrast (e) exposes tangles of M13,
again distributed nonuniformly inside a virus-PEDOT bioaffinity layer.............cccccoone.e. 22
Figure 2.6 - The VBR equivalent circuit (a) and a typical impedance response (b). This

Nyquist plot (Zim versus Zre) shows the impedance frequency spectrum plotted between

Vil



1.0 Hz and 40 kHz for a synthetic urine solution that was supplemented with DJ-1. A
single VBR measured these solutions at the indicated DJ-1 concentrations. ................ 24
Figure 2.7 - Rreport-pss tuning of the VBR sensitivity for HSA. (a)- The equivalent circuit
for the VBR places the electrical impedance of the virus-PEDOT layer, Rver, in parallel
with that of the PEDOT-PSS bottom layer, Rrepot-pss, forming a current divider. (b)
Increasing Reepot-pss from 80 Q to 300 Q, by reducing the PEDOT-PSS layer thickness,
forces current, i, through the virus-PEDOT measurement layer, increasing the signal for
100 nM HSA by a factor of 3 to 5 from 200 Q to more than 900 Q. (c,d,e) Three
Nyquist plots corresponding to three values of the resistor, Rrepot-pss, as indicated. In
each plot, impedances are plotted in the complex plane from 1 Hz (right) to 40 kHz

(left). A shift in the low frequency Zre from synthetic urine only (blue trace) to 100 nM
DJ-1 (orange trace) approximates the signal, ARvsr. (f) Rver versus [HSA] calibration
plots for a series of 42 VBR sensors (21 in each plot) with Rpepot-pss values in the range
from 80 to 100 Q and 260 to 300 Q. The higher Rpepor-pss devices produce 3 to 5 times
more signal amplitude across the HSA binding CUIrVe.............coooiiiiiiiiiiiecee e 26
Figure 2.8 - Rrepot-pss tuning of the VBR sensitivity for DJ-1. (a) Increasing Rrepot-pss
from 80 Q to 300 Q, by reducing the PEDOT-PSS layer thickness increases the signal
for 100 nM DJ-1 by a factor of =10 from 50 Q to 550 Q. (b,c,d) Three Nyquist plots
corresponding to three values of the resistor, Rrepot-pss, as indicated. In each plot,
impedances are plotted in the complex plane from 1 Hz (right) to 40 kHz (left). A shiftin
the low frequency Zre from synthetic urine only (blue trace) to 100 nM DJ-1 (green trace)
approximates the Signal, ARVBR. . ...coiiiiiiiiieieee e e e 27
Figure 2.9 - DJ-1 sensing performance using VBRs with Rpepot-pss = 280 to 300 Q.
(a,b,c) Nyquist plots for three DJ-1 concentrations of (a) 10 pM, (b) 1 nM, and (c) 300
nM. Also shown (blue traces) are background Nyquist responses in synthetic urine
only. (d) A calibration curve for the detection of DJ-1 using the Rvsr signal constructed
using 21 individual measurements from the same number of VBRs, at seven
concentrations. Values of Kp and h (the Hill exponent) obtained from a best fit of the
experimental data to equation (2), are indicated. (e) Bar plot for ARvsr measurements
acquired from 21 electrodes, illustrating the sensor-to-sensor reproducibility of these

data. CoVs for these data, shown, are in the 2 to 8% range across four orders of
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magnitude in DJ-1 concentration. The values of each of the circuit elements is indicated
L 1= o] L= PP RPP PP 29
Figure 2.10 - VBR specificity and speed. (a) Three control experiments: At left is the
response of three VBRs prepared with no phage exposed to 500 nM DJ-1. To the right
of this is the response of three VBRs prepared with Stop-4 phage that has no displayed
peptides on its surface. Finally, at right are shown the results of three VBRs containing
DL1 phage (selected for the binding to DJ-1) upon exposure to IL-6, a protein of similar
MW (20.9 kDa) and pl (6.2) to DJ-1 (20.7 kDa and pl of 6.7, respectively). (b) Real-time
VBR sensing data. Responses for five VBR sensors are shown for DJ-1 exposures of 0
pM (green trace), 10 pM, 30 pM, 100 pM, and 1.0 nM. These traces were obtained by
first stabilizing sensors in synthetic urine for 9 min, measuring a Rver baseline at 0.10
Hz, and then interrupting for 1.0 min while the synthetic urine was replaced with
synthetic urine supplemented with DJ-1 at the specified concentration, after which
ARVBR SIGNal WaS ACQUITET. ......coiiiiiie ittt e e 30
Figure 2.11 - (a) Signal-to-noise (S/N) versus frequency for the detection of DJ-1.
Shown are three plots of S/N versus frequency measured for three VBRs immersed in
three DJ-1-spiked synthetic urine solutions containing DJ-1 at the indicated
concentrations. Noise is calculated as the standard deviation of three replicate
measurements at each frequency. S/N consistently increases from high to low
frequencies. (b) Comparison of ARvsr for the detection of DJ-1 in two electrolytes:
synthetic urine (pH = 5.5) and PBS buffer (pH = 8.0). The charge state of DJ-1 (pl =
6.7) inverts across this pH difference, and is negatively charged at pH = 8.0 and
positively charged at pH = 5.5. However, ARvsr at two different concentrations are the
same, despite changes in pH, within the reproducibility of these measurements.......... 31
Figure 2.12 - Schematic representation of a hypothesized signal transduction
mechanism for the VBR. (a) The virus-PEDOT layer shown here consists of semi-
crystalline PEDOT with virus particles that are concentrated within disordered regions of
the PEDOT layer, (b) When exposed to the DJ-1 protein solution, ARvsr s initially zero,
because an induction time is associated with the rate-limiting diffusion of the protein into

the virus-PEDOT layer. (c) Permeation of the virus-PEDOT layer by DJ-1 is associated



with an increase in its resistance as the insulating protein interferes with conduction
pathways Within thiS [QYEr. .......ccooi e 33
Figure 2.13 - Measurement of DJ-1 mass loading for VBR bioaffinity layers using quartz
crystal microbalance (QCM) gravimetry. (a) Four step fabrication of a complete VBR
bioaffinity layer on a commercial QCM crystal. (b) Change in frequency, Af, versus time
for the exposure of two VBRs to solutions of DJ-1 at 100 pM and 100 nM. The
measured DJ-1 mass loading is indicated and traces are shifted along the Af axis for
clarity. (c) The concentration of DJ-1 versus its measured mass loading. This isotherm
was acquired in PBS buffer Solution. ... 34
Figure 3.1 - Larger proteins produce less VBR signal. The signal, ARver, produced by
optimized VBRs for three proteins at 100 nM in buffer versus the molecular weight of
these proteins. The over-oxidation process described here produces O?VBRs that
generate significantly more signal for both large and small proteins. DJ-1 = protein
deglycase, > HSA = human serum albumin, 4 Ab = IgG antibody..............cccecvrverrennenn. 39
Figure 3.2 - Plan-view SEM image of a O?VBR channel (a). Darker regions of this
image denote regions of high M13 virus density within the virus-PEDOT. Light regions
have lower M13 densities. Crystalline PEDOT asperities or “stalagmites” are unrelated
to the presence or absence of virus particles. Plan-view images of VBR and O?VBR are
indistinguishable. Cross-sectional view of a VBR (b) and O?VBR (c¢) showing thinning of
the virus-PEDOT layer from =100 nm to =60 nm associated with over-oxidation.......... 44
Figure 3.3 - AFM images of VBR (a,b) and O?VBR (c,d) surfaces. .........cccccceeevvreerneenen. 46
Figure 3.4 - Calculations showing the influence of increased Reeport-pss (as indicated)
on the apparent signal, DRvsr. a-c) Calculated Nyquist plots for VBRs as a function of
the PEDOT-PSS layer resistance, Rrepot-pss. In the background traces (black), Ruirus-
pepoT = 1000 Q, Ciotai = 10 UF, Rsoin = 100 Q. In red traces, 500 Q of “signal” are added
to Rvirus-pepoT fOr a total of 1500 Q. The values of other circuit elements remain
unchanged. d). Schematic diagram illustrating the equivalent circuit of the VBR, e) Plot
of the apparent signal (DRvBR, Q) VErsuS RPEDOT-PSS. «.ecvicuriiieeiiiiiiiee s siieee e 48
Figure 3.5 - VBR (a-c) and O?VBR (d-f) Nyquist diagrams showing responses to DJ-1 at

the specified concentrations. g). Bar graph of VBR and O?VBR signal amplitudes as a



function of the DJ-1 concentration. A 3- to 4-fold increase in signal amplitude is
observed for the O?VBR across the DJ-1 concentration range from 1 nM to 100 nM. .. 50
Figure 3.6 - Nyquist diagrams showing responses of four O?VBRs to two antibodies at
the specified concentrations. (a-d) Impedance data sets were truncated at 5 Hz. e).
Signal-to-noise (S/N) ratios for the real (Zre) and imaginary (Zim) components of the
impedance calculated for the detection of anti-FLAG at the two concentrations. On
average, somewhat higher S/N ratios are obtained at low frequency. ..........ccccoeeeeeeennn. 51
Figure 3.7 - Calibration plots for the detection by O?VBRs of anti-FLAG (a,b) and anti-
M13 (c,d). Each bar shown in (a) and (c) correspond to a measurement by a single
O2?VBR. The coefficient-of-variation is shown for each concentration. Maximum signal
amplitudes for these two antibodies of = 8 kQ are similar...............ccccociieeei e, 52
Figure 3.8 - Control experiments for the detection by O?VBRs of anti-M13 and anti-
FLAG. All experiments were performed using 100 nM of target (anti-DL-1, anti-GFP,
anti-FLAG, and anti-M13) in PBS DUFfEr. ........oeoiiiiiiie e 53
Figure 4.1 - Fabrication of a NJ-pH sensor. a). A gold nanowire (dimensions: 50 um (1),
100 - 200 nm (w) and 40 nm (h)) is prepared on a glass surface using lithographically
patterned nanowire electrodeposition (LPNE). Gold electrical contacts to the nanowire
are deposited by evaporation. b). A photoresist layer insulates the gold contacts. c).
Feedback-controlled electromigration is used to produce a single nanogap (50 + 30 nm)
within the nanowire, d). Filling the nanogap with PANI using electropolymerization
produces a NJ-pH sensor. e). The imaginary component of the electrical impedance,
Zim I1s correlated with pH across the range from 2.0 - 9.0 with a response time of 30 s. 60
Figure 4.2 - Fabricating a NJ-pH sensor. a). Plot of the resistance of a gold nanowire
(blue) and the applied potential (red) as a function of time during feedback-controlled
electromigration to form a nanogap. Breaks in both curves indicate points at which the
applied voltage was reduced by 50 mV. b). Cyclic voltammograms (50 mV/s) for a bare
gold nanowire with a nhanogap in an aqueous 0.50 M H2S0O4 solution containing 0.1 M
aniline. Five initial nucleation scans to a +0.60 V vs. MSE positive limit prepare PANI
nuclei on gold surfaces. A second series of 10-20 scans to +0.45 V grow a continuous
PANI layer. These growth scans are terminated when electrical continuity across the

nanojunction is detected. c). SEM images of a PANI-coated Au nanowire containing a
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nanogap, showing, at higher magnification (bottom) the PANI-coated gold nanowire and
the PANI NANOJUNCLION. .........uuiiiiiiiiiie ettt e e e e s s e e e e e e e ae e e s e s snnanraeeeeeeaeeeeeeannns 61
Figure 4.3 - Impedance signatures for three types of nanowires. a-c). SEM images of
three types nanowires, as follows: a) a solid gold nanowire with dimensions 120 nm (w)
and 40 nm (h), b) a solid gold nanowire containing a hanogap, and (c) a solid gold
nanowire containing a PANI nanojunction. d-f). The equivalent circuit corresponding to
each of these three nanowires (top), together with their characteristic Nyquist plots
acquired in aqueous pH = 3.0 (Zim versus Zre as a function of frequency, as indicated, at
bottom). In (d) and (f), semicircular Nyquist plots are produced by parallel resistors and
capacitors, but impedance values are shifted by a factor of ten in these two data sets.

In (e), the nanogap eliminates the through-wire resistor, and transforms the Nyquist plot
into a near-vertical trace, approximating a series RC circuit. All Nyquist plots were
acquired in aqueous pH = 3.0, phosphate buffer. ... 64
Figure 4.4 - Randomized pH sensing with a NJ-pH sensor. a,b). Nyquist plots for pH
values of 1.0 — 9.0. At pH <4.0, a semi-circular trace is observed, consistent with the
circuit shown in Figure 4.3f. At pH = 5.0, a near-vertical Nyquist plot is observed, as
seen for Figure 4.3e, because the PANI has very low electronic conductivity in this pH
range. c,d). Plots of log [Zre] and log [Zim] versus frequency. e). Plot of log [Zim] at 0.5
Hz versus time for 16 exposures of the sensor to solutions having pH values ranging
from 2.0 — 9.0. Between exposures, the sensor was equilibrated with pH = 1.0 PBS. f).
Log [Zim] at 0.5 Hz versus pH calibration plot composed of replicate, non-adjacent,
exposures to each pH. Impedance data was not fit to an equivalent circuit due to the
large impedance of the deprotonated poly(aniline). .........cceeeeeiiiiicciiiiiiiieee e 67
Figure 4.5 - Temporal properties of pH detection. a). Log [Zim] at 5 Hz versus pH
calibration curves acquired at three time points after exposure of the PANI nanojunction
sensor equilibrated in solutions ranging from pH = 1.0 to pH = 8.0. b). Measured pH
versus actual pH for four settling times, as indicated. Covariance of the measured pH
from the actual pH was assessed by the Pearson correlation coefficient, p. ¢). % Signal
saturation versus time for three NJ-pH of varying wire radii, encompassing the gold
nanowire and the PANI coating. Equilibration of the impedance for the smallest, rpani
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Figure 4.6 - pH measurement correction for NaCl. a,b). Nyquist plots for solutions at pH
= 3.9 with NaCl concentrations of 0, 10, 100 mM and 1.0 M (+50 mM phosphate buffer)
as indicated. c,d). Nyquist plots for solutions at pH = 6.9 with salt concentrations of O,
10, 100 mM and 1.0 M as indicated. e). Zit measured at 300 kHz is logarithmically
correlated with the salt concentration. f). Four Zim (measured at 0.8 Hz) versus pH for
salt concentrations of 0, 10, 100 mM, and 1.0 M (+50 mM phosphate buffer), added to
50 mM phosphate buffer, as indicated. g) Salt-corrected measured versus actual pH for
salt concentrations of 0, 10, 100, and 1.0 M (+50 mM phosphate buffer). Impedance
data was not fit to an equivalent circuit due to the large impedance of the deprotonated
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Figure A.1 - Process flow for the VBR fabrication process, including the process window
parameters that were enforced for this process, indicated inred. ...........ccoccvveeeininnnen. 92
Figure A.2 - Influence of Cnaci on VBR response in the absence of protein. a). Nyquist
plots for a single VBR in six aqueous NaCl solutions ranging in concentration from 0.02
M to 1.0 M, as indicated. b). Plot of Rver and Rsoin @s a function of Cnaci. Rsoin (green
trace) decreases in proportion to 1/Cnaci qualitatively as expected, but Rver is weakly
affected, increasing by just 24 Q against a background of = 600 Q (b,C). .....ccceeeeeennnes 93
Figure B.1 - Schematic diagrams of the two M13 virus receptors, used for the detection
of the two antibodies investigated here. a). M13 KO7 is an M13 variant with no
appended peptide epitopes. The anti-M13 Ab recognizes 2700 P8 coat proteins, b).
M13 FLAG is an M13 variant that has FLAG-tag (with sequence DYKDDDDK, where D
= aspartic acid, Y = tyrosine, K = lysine) appended as C-terminal fusions to a subset of
LS S oo = U o o) (=1 SRR 95
Figure B.2 - Demonstration of VBR insensitivity to two antibodies. a,b). Enzyme-linked
immunosorbent assay (ELISA) data for the binding of (a) anti-M13-HRP (horse radish
peroxidase) to M13 KO7 showing strong binding with a ECso = 7.3 ng/mL, and the same
experiment for anti-FLAG-HRP detection of M13 FLAG showing an ECso = 7.6 ng/mL.
The anti-M13 control tracks the response of VBRs containing no phage; the anti-FLAG
control shows the response of VBRs containing Stop-4 phage. d). Nyquist plots for two
VBRs showing data for a PBS buffer (c¢) and anti-M13 (d) in PBS at two concentrations.

Nyquist traces for buffer and anti-M13 overlap indicating no measurable signal is
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present. e,f). Same experiment for two VBRs attempting the detection of anti-FLAG at
two concentrations, as indicated. Again, buffer and anti-FLAG Nyquist plots overlap,
indicating no measurable Signal iS PreSeNt..........ooouiiiiiiiiiiie e 96
Figure B.3 - Fabrication of an O?VBR. a). Process flow for the five-step fabrication
process, b). Optical photographs of a VBR (left) and an O?VBR (right). The bleaching of
the bioaffinity layer relative to the VBR is characteristic of the over-oxidation process, c).
Electrodeposition of the virus-PEDOT layer at 20 mV/s in a solution containing 2.5 mM
EDOT, 12.5 mM LiCIO4, and 8 nM phage. d). Current versus time for the potentiostatic
oxidation of the VBR channel at +0.80 V vs. MSE for 50 s and 100 s, as shown. E).
Nyquist plots for the impedance analysis of a VBR (no oxidation, green), an O2VBR with
50 s of oxidation (red) and an O?VBR with 100 s of oxidation, (purple). ..........cccoceu...... 97
Figure B.4 - Raman spectra of normal and O?VBR films. Indexed band corresponds to
symmetric CaO=C StretChiNg.........ccooiiiiiiiiiiiee e e e 101
Figure B.5 - XPS spectra of a) O 1s, b) N 1s, ¢) C 1s, and d) S 2p. Blue traces
represent the normal VBR, red traces represent the O?VBR. No significant shifts in
binding energies were observed between the normal VBR and O?VBR. Deconvoluted
peaks (not shown here) appear at similar binding energies to those observed in
Previous Iterature. 2007203 | ettt nre s 101
Figure B.6 - N 1s XPS depth profiling of a) normal VBR and b) O?VBR. Significant
nitrogen signal was observed at the surface of both the normal VBR and O?VBR,
attributed to the nitrogen atoms on the P8 coat protein of bacteriophage. As the surface
of the sensor was etched, the nitrogen signal was reduced significantly in both the
normal and O?VBR. Black trace represents 0 seconds of etching, grey trace represents
5 seconds of etching, and light grey represents 10 seconds of etching....................... 102
Figure C.1 - Fabrication process for single poly(aniline) (PANI) nanojunction sensors.
(1). Ni Physical Vapor Deposition (PVD), 40 nm. (2). Spin-coating positive photoresist
(+PR). (3). UV exposure, developing and etching of half of the Ni slide, leaving
overhanging +PR. (4). electrodeposition of Au NW on Ni edge. (5). Removal of +PR and
etching of remaining Ni. (6). Spin-coating +PR, UV exposure of a negative of the contact
pattern, and developing. (7). PVD of 4 nm Cr, 60 nm Au. (8). Sonication in acetone. (9).
Spin-coating, UV exposure, and developing of a ~45 pum gap within the contacts to
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insulate contacts from solution. (10). Electromigration to form nanogap. (11).
Electropolymerization Of PANILL ........uuiiiiiiiiee et e e e e e e s eeeees 105
Figure C.2 - pH control experiments for a continuous Au nanowire. a). Nyquist plots in
different PBS solutions of pH 1.0 — 9.0. b). The Zim impedance at the lowest frequency
recorded. c). The Rsoin Values and (d) Rwire extracted from fitting the impedance data to
the (Rsoin + QepL) / Rwire €quivalent circuit. Error bars represent one standard deviation
of triplicate MEASUIEMENLS. ........cooiiiiiiieeee s 107
Figure C.3 - pH controls for empty nano-gap within a single Au nanowire. a). Nyquist
plots in different PBS solutions of pH = 1.0 — 9.0. b-c). Best fit values from the
equivalent circuit for the constant phase element, n (b) and Q (c). d). Bode impedance
plot of Zim vs. Frequency for the same sensor. e). Plot of low frequency Zim vs. pH.. 108
Figure C.4 - Experimental data and best fit models for the Au nanowire while varying the
concentration of LiClO4 exposed to the device. a). Nyquist plots for the single Au NW
exposed to different LiClO4 concentrations. The Nyquist plots are taken from 300 kHz —
500 Hz. b-c). The best fit values of the (b) Rwire cOmponent and (c) Rson of the
equivalent circuit as a function of LiClO4 concentration. Error bars are calculated using
the standard deviation of the best fit values from three Nyquist plots of each LiClO4
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Figure C.5 - Experimental data and best fit models for the Au nanogap while varying the
concentration of LiClO4 exposed to the device. a). Nyquist plot of the Au nanogap
device exposed to different concentrations of LiClOa4. c). Best fit values of the Rson of the
equivalent circuit as a function of LiClOa. d). Best fit values of the Rionic component of
the equivalent circuit for the solutions with a low LiClO4 concentration. e-f). Best fit
values of (€) Q and (F) N. oo 110
Figure C.6 - Averaged impedance data of the PANI NJ sensor exposed to various
solutions of different pH values overlayed with the best fit overlayed. pH = 1.0 — 5.0 are
shown in (a-e), respectively, and (f) shows the pH 5.0 data enlarged to what was seen
in the experiment. The Rpani component of the best fit model in (e-f) was constrained to
1 GQ due to the lack of low frequency impedance data that could capture this high
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Figure C.7 - A diagram of how one would use the high frequency impedance to correct
for the salt effect. First, measuring Zwo: at 300 kHz will allow the sensor to predict the salt
concentration. Seen in this diagram is a theoretical measurement of Zwt = 5 kQ, which
translates to the 1 M NaCl calibration curve. Next, Zim at 0.8 Hz is measured, and
plotted on the calibration curve of Zim vs pH. In this diagram a theoretical measurement
of Zim = 2 MQ is made, leading to a measured pH of 4.2..........ccccccoiiiiiiiiii 112
Figure C.8 - Calibration curves for two separate NJ-pH sensors. a-b). Low frequency Zim
vs pH plots. The data in red was collected using 50 mM phosphate buffers with 100 mM
NaCl. The blue data points on each plot are measurements taken of synthetic urine,
which was found to have pH = 6.62 according to a glass pH-electrode. The calculated
pH for the synthetic urine samples was 6.69 and 6.76 for (a) and (b), respectively. ... 113
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Conductive polymers are often used in biosensing architectures of many kinds.
Their biocompatibility, electrical conductivity, and ease of polymerization allows many
routes to fabricate innovative, nanoscale biosensors for point-of-care diagnostic
purposes. The focus of this dissertation will be on two different types of nanoscale,
conductive polymer biosensors that were fabricated since 2018 in the Penner Lab by
myself and my associates. The first device is the Virus BioResistor (VBR). This device
employs poly(3,4-ethylenedioxythiophene) (PEDOT) which is electropolymerized in the
presence of virus particles which have been genetically engineered to bind a specific
protein. A baselayer of PEDOT:PSS is used as a target for this electrodeposition. This
event produces an electrically conductive bioaffinity layer, through which impedance
measurements can be taken. In Chapter 2, advances are made to this device by
increasing the PEDOT:PSS baselayer are discussed. The increase in the baselayer
resistance causes a ~4x signal enhancement, without sacrificing signal-to-noise or
specificity. The resulting device can detect deglycase 1 (DJ-1), a bladder cancer

biomarker, at 10 pM in ~30 s. Chapter 3 discusses further enhancements made to the
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VBR through over-oxidation. The process of over-oxidation allows for the detection of
larger proteins and antibodies, up to 150 kDa. Without this process, the VBR is insensitive
to proteins larger than 66.5 kDa. This process has been shown to enable detection of
multiple antibodies. Following this work, an effort was made to engineer a conductive
polymer sensor that is nanoscopic in 3 dimensions, compared to the VBR which is only
nanoscopic in 1 dimension. This device is discussed in Chapter 4 and is called a
Nanojunction pH sensor (NJ-pH). The NJ-pH sensor relies on lithographically patterned
nanowire electrodeposition to fabricated single gold nanowires onto which electrical
contacts are evaporated. A nanogap is formed in this nanowire through electromigration,
and the gap is then bridged through electropolymerization of poly(aniline) (PANI) which
has a resistance that is pH sensitive. This device is shown to have impedances that range
5 orders of magnitude between pH 1 — 9, and can give a reliable pH measurement within
30 s. This device is completely nanoscopic and offers a new avenue for monitoring local

pH on the nanoscale.
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Chapter 1: Introduction

Major portions of this section have been adapted from the following publications
submitted to Materials Today and Accounts of Chemical Research:
"Electrodeposition-Enabled, Electrically-Transduced Sensors and Biosensors: 2017
— Present” and “Viruses Masquerading as Antibodies in Biosensors: The
Development of the Virus BioResistor.”



1.1. Introduction to Electrically Transduced Sensors Enabled by Electrodeposition and
Electropolymerization

Electrodeposition (ED) is now more than two centuries old but its application to the
fabrication and function of sensors and biosensors is relatively recent. Only since 1980
has ED, and its relative, electropolymerization (EP), been exploited to enhance the
properties of sensors and biosensors. In these applications, the three attributes of ED
are: i) Precision, ii) Selectivity, and iii) Compatibility. ED allows precise control of the
guantity of electrodeposited material, of composition, of particle size, of surface
roughness, and in some cases, control of the porosity of the electrodeposit. ED and EP
also afford the ability to prepare composites containing two or more materials such as an
antibody, a chelator, a single-stranded DNA (ss-DNA), or other receptors.

The precision intrinsic to ED is, itself, an attribute: The fine control afforded in ED
using current and potential is difficult to match using alternative deposition methods, such
as physical vapor deposition, sputtering, spin-coating, spraying, imprinting, and so on. A
second attribute is that ED imparts spatial selectivity to the ED process because the
deposition process can be targeted at, and confined to, a single conductor amongst other
sensor components. For example, a polymer film can be EDed onto a metal transducer
without risking contamination of other sensor parts with this material. Moreover, ED and
EP can be carried out on conductors that are immersed in aqueous plating solutions. This
means that biological materials such as proteins, antibodies, and aptamers can be co-
deposited using ED and EP. This compatibility of ED and EP with agueous solutions, has
been a major driver of the application of ED and EP to the fabrication and function of

biosensors.



1.2. A Brief History of Electrodeposition and Electropolymerization
1.2.1. Historical Milestones

A pictorial timeline (Figure 1.1) lists some milestones marking progress related to

the application of ED to sensor and biosensor development prior to 2017.
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Figure 1.1 - Milestones in ED and EP-enabled electrically-transduced chemical sensing and
biosensing. The references highlighted here can be found in Section 1.

1.2.2. Electronically conductive polymers.

This chronology begins with chemiresistive sensors in which electronically
conductive organic polymers functioned as either receptors or transducers or both. In
1980, Art Diaz and coworkers at IBM discovered that heterocycles including pyrrole,
thiophene, and aniline could be electropolymerized to form conductive films simply by
oxidizing solutions containing these monomers . This process, known as
electropolymerization (EP), helped the initial development of ED-enabled sensors. Diaz
and coworkers demonstrated that electrodeposited films of poly(pyrrole) (PPY),
poly(thiophene), and poly(aniline) (PANI) showed electrochromic behaviors and strongly
modulated electronic conductivity that were both correlated with the redox

electrochemistry of these films.



By 1986, these electropolymerized polymers, such as (poly(3-methyl-thiophene) 6,
and their derivatives, including poly(3,4 ethylene dioxythiophene) (PEDOT) 7, were
exploited for the fabrication of sensors and biosensors targeting a range of molecules. Art
Janata, a pioneer in the development of a field-effect transistor (FET) based chemical
sensors 819, reported a solid-state alcohol vapor sensor based upon a suspended-gate
FET (SGFET) in which a platinum (Pt) gate modified by electrodeposited PPY, as well as
several derivatives, sensitized the SGFET to a series of primary alcohols with response
times within seconds 1. Likewise, PPY was being widely applied to gas sensors *? and
biosensors?®? in the same time period.

Foulds and Lowe * were among the first to incorporate enzymes into PPY by co-
electrodeposition/electropolymerization. This strategy was applied in 1986 to prepare an
amperometric glucose sensor based upon the incorporation of glucose oxidase into PPY
14.

1.2.3. Metal and Polymer Nanowires

The next class of transducers/receptors to emerge were one-dimensional nanowires
based on metals and polymers, by virtue of their high specific surface area that promotes
a more sensitive detection of analytes compared to the film-type sensors. This was
kickstarted in 2001 by the development of a nanowire ED method termed electrochemical
step edge decoration (ESED) 15, which involved the nucleation and growth of the
electrodeposited metal on the step edges of highly oriented graphite electrodes. These
nanowire networks were then transferred from the graphite surface onto a glass slide by
embedding them in a polymer film. Silver (Ag) epoxy was then used to establish electrical
contacts to these nanowire networks. Palladium (Pd) nanowire networks prepared by
ESED comprised the first palladium nanowire hydrogen gas sensors 1718,

In parallel with this discovery, the first-ever successful synthesis of polymer
nanowires prepared by a modified EP process was described by Nongjian Tao and
colleagues in 2002 *°. Their approach involved the application of a tip in a scanning
tunneling microscope. The surface of the conductive substrate and the tip were both
poised at a potential exceeding that of the onset for PANI polymerization from aniline. As
this polymerization proceeded at both the tip and surface, the gap between these

elements was bridged, forming a nanowire *°.



In 2004, Yun, Myung, and others demonstrated the preparation of single PPY and
Pd nanowires by EP and ED, respectively 2%21, In 2006, single Pd nanowire
chemiresistors prepared using this method were used for the detection of H2 gas for the
first time 22. Bradley and coworkers 23 demonstrated that carbon nanotubes could be
decorated with PPY without making a direct electrical connection to the nanotube using
a bipolar electrodeposition method. PPY decoration of carbon nanotubes provided a
means for controlling how much water is within these structures 23,

1.2.4. Signal Transduction and Amplification

An innovation in 2002 was the discovery by Mirkin et al. 2* that immunogold
staining methods that have been developed for microscopy 25, in which Ag is grown on
gold (Au) labels by electroless deposition to increase contrast, could be used to provide
amplification of sandwich assays involving a Au nanopatrticle label. In these experiments,
a ss-DNA capture strand was recognized by a complimentary ss-DNA probe strand
conjugated to a Au nanoparticle, at concentrations as low as 0.5 pM. In this experiment,
ss-DNA capture strands are located between two lithographically patterned Au electrodes
that measure a percolating current across this affinity layer as Ag deposition onto the
immobilized Au nanoparticles increased the measured current between these electrodes
24_

Subsequently, in 2009, Su et al. 2% exploited the same scheme for the detection,
using a quartz crystal microbalance (QCM) as the transducer. In this work, the detection
sensitivity of human IgG (h-lgG) was enhanced by 100 times in a sandwich assay
involving an Au nanopatrticle-labeled anti-h-1gG after applying solution-phase electroless
Ag plating process for 20 min 26,

1.2.5. Lithographically Patterned Nanowire Electrodeposition

A significant technological advance was made in 2006 through the development
of the lithographically patterned nanowire electrodeposition (LPNE) process, which can
be used to prepare high-quality metal nanowire arrays 272, In contrast to the ESED
process that was reported in 2001 516, LPNE allowed the position of a nanowire to be
precisely determined using a photolithographic process. Importantly, the nanowire
dimensions were controlled by processing steps that were not affected by the diffraction

of light, enabling the fabrication of sub-wavelength, nanometer-scale wires 2728



Compared with the process of Yun and Myung (2006) that only allowed the synthesis of
single strands of polymer and metal nanowires one at a time 2%3°, LPNE provided for the
deposition of any number of nanowires in parallel, in virtually any pattern achievable by
photolithography 2728, LPNE was first used to prepare H2 sensors based on single Pd
nanowires in 2009 with improved performance compared to previously reported Pd-based
sensors 31,

1.2.6. Nanostructured metal microelectrodes.

The development in 2009 32-34 of ED-prepared nanostructured microelectrode
transducers by Shana Kelley became the springboard for a completely new strategy for
biosensing 352, In these experiments, highly dispersed metal transducers with micron-
scale dimensions were functionalized with ss-DNA and other receptors, and their
electrochemical responses to target redox species in solution were monitored. By this,
the binding of target species with the immobilized receptors could effectively be
transduced into electrical signals. Uniquely, the sensitivity of the nanostructured
transducer could be tuned based on its level of dispersion, which was controlled by the

electrodeposition parameters used for its preparation 3.

1.3. Introduction to the Virus BioResistor
1.3.1. Viruses and Biosensors

The 2018 Nobel Prize in Chemistry recognized in vitro evolution, including the
development by George Smith and Gregory Winter of phage display, a technology for
engineering the functional capabilities of antibodies into viruses. Such bacteriophage
solve inherent problems with antibodies including their high cost, thermal lability, and their
propensity to aggregate. While phage display accelerated the discovery of peptide and
protein motifs for recognition and binding to proteins in a variety of applications, the
development of biosensors using intact phage particles was largely unexplored in the
early 2000’s. Virus particles, 16.5 MDa in size and assembled from thousands of proteins,
could not simply be substituted for antibodies in any existing biosensor architectures.

Incorporating viruses into biosensors required us to answer several questions:
What process will allow the incorporation of viruses into a functional bioaffinity layer?
How can the binding of a protein disease marker to a virus particle be electrically

transduced to produce a signal? Will the variable salt concentration of a bodily fluid
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interfere with electrical transduction? A completely new biosensor architecture, and a
new scheme for electrically transducing the binding of molecules to viruses, was required.

The Penner Lab became interested in this problem in 2005.%8 Up to this time, most
biosensors designed to detect the distinctive protein “biomarkers” produced by cancers
used antibodies to recognize and bind these proteins. M13, a flamentous bacteriophage
that infects Ecoli, was engineered to “display” Fv antibody fragments on their surfaces
providing an intriguing opportunity for the development of cheaper, more robust
biosensors. The basic approach for the “display” of proteins on the M13 phage surface
was invented by George Smith in 1985,3%4 before Jim Wells and co-workers introduced
key and necessary improvements to enable Greg Winter to display an antibody, or Fv, on
the phage surface.*>*2 Our labs built on such seminal contributions to the history of
biotechnology to extend phage display into biosensing applications.

M13 viruses are an attractive alternative to antibodies in biosensors for three main
reasons: 1) the cost of engineered viruses is much lower, 2) the affinity of virus particles
is similar (often dissociation constants, Kp, are below 10° M), and, 3) virus particles are
quite robust, and, for example, do not require refrigeration to maintain potency. In
principle, biosensors based upon virus particles could be cheaper to manufacture and
cheaper to distribute and store, especially in the resource-challenged third world. Herein,
we trace the development over fourteen years of a new biosensor, the Virus BioResistor
or VBR*3# designed specifically for rapid (60 s), point-of-need detection of cancer
markers in urine using virus receptors.

1.3.2. Electrodeposition of Virus-PEDOT Bioaffinity Layers

Inspiration for a new type of virus-based bioaffinity layer arrived from an
unexpected direction. In the 2010 time frame, the Penner group had been investigating
the thermoelectric properties of nanowires composed of the electronically conductive
organic polymer PEDOT (poly(3,4-ethylene dioxythiophene).*®* These PEDOT nanowires
were prepared by electrodeposition, using the Lithographically Patterned Nanowire
Electrodeposition (LPNE) method.*6:47

Could PEDOT act as a host for M13 virus particles? This idea was interesting for
two reasons: First, the electronic conductivity of PEDOT provided a means by which

biosensor signal from M13 particles could be directly transmitted to an external circuit.



Second, PEDOT is positively charged as synthesized, with one positive charge for each
4 or 5 EDOT residues. During electropolymerization (Figure 1.2a), 3,4-ethylene
dioxythiophene (EDOT) is oxidized to a cation radical, and radical coupling occurs near
the electrode surface until the resulting oligomers lose solubility and, with anions from the
solution to balance the positive charge, they precipitate onto the electrode. M13 virus
particles have a net negative charge near 6000, as a consequence of three ionizable
moieties, Glu2, Asp4 and Asp5, on the 2700 copy P8 majority coat protein near its
exposed N-terminus.*® Our hypothesis was that the polymerization of positively-charged
PEDOT in the presence of negatively charged M13 would electrostatically promote the
incorporation of M13 particles within the polymer matrix.

To test this hypothesis, virus-PEDOT biocomposite films were prepared by
electropolymerizing EDOT in aqueous electrolytes containing just 12 mM LiCIO4 and nM
concentration of M13 virus particles.*? In these experiments, it was observed that the
virus concentration was increased from 3 to 15 nM (the solubility limit), the EDOT
electropolymerization current peak was depressed as compared to the virus-free
control.#® This observation suggested that the virus particles were either interfering with,
or participating in, EDOT polymerization. QCM gravimetry (Figure 1.2b) showed that the
mass of the resulting films was augmented when virus particles were presentin the EDOT
polymerization solution. The excess mass, relative to pure PEDOT films (Figure 1.2c),
was attributed to the incorporation of virus patrticles into the growing PEDOT film.#® This
observation directly demonstrated that virus particles were being incorporated into these

electrodeposited PEDOT films, as predicted by the reaction of Figure 1.2a.
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Figure 1.2 - Electrodeposition of a virus-PEDOT bioaffinity layer.
electrodeposition reaction, b). QCM analysis of virus-PEDOT electrodeposition shows increased
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for QCM measurements. The positive deviation of Df for virus-containing solutions is due to virus
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(e-)). Topography of virus-PEDOT films imaged by scanning electron microscopy at two
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How efficient is the virus incorporation into these films during
electropolymerization? The QCM data of Figure 1.2c provided the answer. The
difference in mass (the vertical axis) at a particular deposition charge, Qtwt, could be
attributed to virus incorporated into the virus-PEDOT composite film. This analysis
showed that concentration of the M13 in the virus-PEDOT film prepared by
electrodeposition was directly proportional to the M13 concentration in the polymerization
solution (Figure 1.2d), and the slope of this line was an astonishing =500. These
experiments demonstrated that the reaction shown in Figure 1.2a provided for highly
efficient incorporation of virus into a growing PEDOT film. SEM images of
electrodeposited virus-PEDOT composite films showed a striking transformation as virus
was incorporated into the plating solution (Figure 1.2e-j). In these images, bundles of
virus particles are seen protruding at the surface of the virus-PEDOT films, and as
expected, the density of these virus particles is correlated with the concentration of virus
in the deposition solution.*®
1.3.3. The two-sided virus-PEDOT biosensor

All of the virus-based biosensors investigated in the Penner Lab up to 2015 were
laboratory experiments®°0-°¢ in the sense that electrochemical measurements
conducted using three-electrode cells incorporating separate reference, counter, and
working (sensor) electrodes. A portable, miniaturizable, and commercializable
electrochemical sensor architecture — in which the necessary electrodes were

incorporated into a single monolithic sensor body - had not been demonstrated.

This advance occurred in 2017 with the demonstration by Alana Ogata, Ming Tan, and
others that two virus-PEDOT modified gold electrodes, without reference or counter
electrodes (Figure 1.3a), could function as a biosensor for human serum albumin (HSA).%’
Prior work on PSMA®5%8 had demonstrated that the signal generated by a virus-PEDOT-
modified gold electrode was concentrated in the resistive component of the impedance,
Zre, instead of the capacitive component, Zim. The hypothesis explored in the 2017 “two-
sided” sensor architecture (Figure 1.3b) was that arranging two virus-PEDOT bioaffinity
layers electrically in series would double the impedance signal produced by the

biosensor.>’
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Figure 1.3 - The Two-Sided Biosensor: A Monolithic Biosensor for Human Serum Albumin (HSA).
a). Engineering diagram of two electrode virus-PEDOT biosensor. b,c) Nyquist plots (Zim VS. Zre)
for a control protein (BSA) and HSA. D). Signal-to-noise versus frequency plot for HSA and BSA.
E). DR versus HSA concentration calibration curve. Controls for BSA, and off-virus binding also
shown. After Ref.*

In spite of its simplicity, the two-sided virus-PEDOT biosensor reliably distinguished
HSA from BSA — proteins of identical size and having a 76% sequence homology. This
demonstrated that the inherent selectivity of the engineered virus could be recovered with
this device (Figure 1.3b,c). At an optimized detecting frequency of 340 Hz (Figure 1.3d),
the two-sided sensor produced a prompt increase in Zre within 5 s and a stable Zre signal
within 15 min. HSA concentrations in the range from 100 nM, its LOD, to 5 yM were
detectable using this device (Figure 1.3e). These single-use biosensors demonstrated
excellent sensor-to-sensor reproducibility characterized by a coefficient-of-variation of
2-8% across the entire concentration range, a remarkable achievement considering each
sensor was hand made in our laboratories.>” Two-sided virus-PEDOT sensors in synthetic

urine demonstrated a concentration dependent response to HSA similar to PBS buffer.
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This performance provided reason for optimism, however the two-sided virus-PEDOT
biosensor had two serious deficiencies: First, its 100 nM LOD for HSA was insufficient to
enable the measurement of cancer markers in urine at sub-nanomolar concentrations.
The two-sided sensor simply didn’t produce enough signal - a maximum of 12 W of signal
against a 100-200 W background (Figure 1.3e).5” Second, the two-sided biosensor
required that current was carried through the test solution between the two electrodes,
thus convoluting the resistance change due to binding of the target protein with the
resistance of the solution. Since urine and other bodily fluids have highly variable ionic
conductivities, this imposes a barrier to the use of the biosensor for single patient
samples. In order to provide reliable results for highly variable single patient clinical
samples, a biosensor architecture that decoupled target binding from ionic conduction
was required. On spite of these two issues, the two-sided virus-PEDOT biosensor was

the progenitor of the VBR, which will be introduced and discussed in chapters 2 and 3.

1.4. Polymer Nanojunction Sensors
Chapter 4 of this dissertation will be focused on the invention of a single polymer
nanojunction pH sensor within a single nanowire. This device is an extension of the VBR

(discussed in chapters 2 and 3), as its creation was prompted from the questions:

1. How can the VBR be made to be nanoscopic in all 3 dimensions?
2. What kind of properties would a completely nanoscopic conducting polymer sensor
have?

The work done in this section attempts to solve these questions. These experiments
function as a proof of concept for future innovation of the VBR, since in the work presented
here, viruses were not present in the sensor. These experiments were necessary due to
the lack of literature on single nanojunction sensors. A Google Scholar search performed
on August 10, 2022, for the keywords “nanojunction sensor” yielded ~150 publications
since the year 2000. Furthermore, a search for “single nanojunction sensors” yields only
2 publications since 2000. This lack of research sparked curiosity regarding how the
structure of a nanojunction can affect the function of the nanojunction as a sensor.
Chapter 4 will discuss the ensuing systematic study on the fabrication of a single

nanojunction sensor as well as its structural and electronic properties.
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Chapter 2: The Virus BioResistor

This chapter is adapted from a research article “Virus Bioresistor (VBR) for Detection of
Bladder Cancer Marker DJ-1 in Urine at 10 pM in One Minute”.
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2.1. Introduction

Minimally invasive cancer screening using bodily fluids — so called “liquid biopsies”
— may eventually eliminate the evaluation of suspected malignancies using surgery.
Liquid biopsies involve the detection in blood, urine, and other bodily fluids of nucleic
acids, circulating tumor cells (in blood), or distinctive protein markers that signal the
presence of a particular cancer. DJ-1, a 20.7 kDa protein, is elevated in the urine of
people with bladder cancer (BC).®*® Presently, the measurement of DJ-1 in urine requires
an enzyme-linked immunosorbent assay (ELISA), which is both slow and inconvenient.
A biosensor for DJ-1 could accelerate its assessment for the detection of BC recurrence
in patients who have undergone treatment for the disease. But no biosensor for DJ-1 has
been demonstrated, to our knowledge. Here we demonstrate that a new type of biosensor
—the Virus BioResistor or VBR - that uses virus particles as receptors can be programmed
to detect DJ-1 in human urine.

The VBR is a bioresistor contacted with two gold electrodes. The bioresistor
consists of an electronically conductive channel composed of a layer of poly(3,4-ethylene
dioxythiophene) (PEDOT) doped with virus particles. Recently, ** we demonstrated the
VBR concept for the detection of human serum albumin (HSA, 66.5 kDa) in high salt (160
mM NaCl) buffer. A limit-of-detection for HSA (LOD#sa) of 7 nM was achieved in that
study. 4 However, a sub-1.0 nM LOD for protein markers is required to enable cancer
surveillance in urine. Here we unlock higher sensitivity for VBRs simply by engineering
the PEDOT channel to concentrate the impedance in an ultra-thin (=90 nm) virus-PEDOT
composite layer. With this modification, a limit-of-detection of (LODpJ1) of 10 pM is
achieved in urine (synthetic and human), coupled with a dynamic range of more than four
orders of magnitude from 10 pM to 300 nM. This performance is clinically relevant
because it allows for the detection of elevated DJ-1 in the urine of patients who have
bladder cancer (= 100 pM).®*-% Importantly, the modifications to the VBR do not
compromise either the speed or the simplicity of its operation. As before44, the VBR
operates in a dip-and-read modality, and produces a stable, quantitative signal within 1.0
min. The sensing performance reported here also eclipses prior virus-based biosensors

that we have studied over a period of 14 years in our laboratories.%-%
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The mechanism by which the VBR transduces protein binding remains under
investigation. A hypothesis presented here proposes that a target protein permeates the
virus-PEDOT layer as it undergoes immunoaffinity-driven partitioning to virus particles
entrained in this layer. As the volume fraction of electrically insulating proteins increases,
the electrical conductivity of the resistor channel imparted by PEDOT is reduced,

generating the VBR signal.
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Figure 2.1 - Two ELISAs for M13 phage binding of DJ-1: a) Phage ELISA of the DJ-1-binding
phage DL-1 and a negative control Stop4 phage. Here, DJ-1 is immobilized and the DL-1
phage is detected. The data were fit with a four-parameter logistic curve fit (R? = 0.9230).
Measurements were performed in triplicate; error bars represent the standard deviation of the
mean. b) Sandwich ELISA of DJ-1. In this case, DL-1 phage (or the control Stop4 phage) are
immobilized and the DJ-1 protein is detected. This format mimics the function of the VBR. The
data were fit as described above (R? = 0.9944). Measurements were performed in triplicate;
error bars represent the standard deviation of the mean.

2.2. Experimental Methods
2.2.1. Materials and Methods

Gold electrodes were prepared by photolithography and physical vapor deposition. The following
materials and reagents were purchased commercially and used as received: PMMA cells
(Wainamics Inc., Fremont CA) and bare gold electrodes were oxygen plasma-cleaned (PDC-32G,
Harrick Plasma). PEDOT-PSS (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate)
Heraeus Clevios™ PH1000 from Ossila; lithium perchlorate 99+% purity from Acros organics;
EDOT (3,4-ethylenedioxythiophene) from Sigma Aldrich; ethylene glycol from Macron Fine
Chemicals. Phosphate buffered saline (PBS, 10x concentrate) from Sigma Aldrich. 1x
concentrate of the PBS yielded a phosphate-buffered saline solution at pH 7.4 with a sodium

chloride concentration of 0.154 M and a phosphate buffer concentration of 0.01 M. The DJ-1 over-
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expression plasmid pET3a-His-DJ1 was a gift from Michael J. Fox Foundation, MJFF (Addgene
plasmid #51488). DJ-1 was recombinantly overexpressed in E. coli. Interleukin 6 (IL-6) was
purchased from Tonbo Bioscences. M13 phage library design and procedures for the selection

of DJ-1 binders using this library are described in the Appendix A.

The affinity of engineered M13 virus particles for DJ-1 can be seen from the results
of two enzyme-linked immunosorbent assay (ELISA) measurements (Figure 2.1). The
ELISA measurement was conducted two ways: With DJ-1 adsorbed onto a 96 well plate,
measuring the recognition of adsorbed DJ-1 by phage particles in solution (Figure 2.1a),
and by adsorbing the phage particles on the plate and measuring the binding of DJ-1 to
this virus layer (Figure 2.1b). The latter configuration, which yields a much lower apparent

dissociation constant, Kd,app, more closely resembles that situation relevant to the VBR.

2.2.2. VBR Fabrication

The fabrication process for the VBRs is similar to that described previously 44 with
minor modifications. Briefly, gold-film electrodes were cleaned in an O2 plasma for 10
min immediately before use. Thick (=70 nm) and thin (=48 nm) PEDOT-PSS films were
prepared as follows: thick PEDOT-PSS films were obtained by stirring a solution of 3%
(v/v) ethylene glycol with PEDOT-PSS for 30 min. Thin PEDOT-PSS films were obtained
by stirring a solution of 1.5% (v/v) ethylene glycol in PEDOT-PSS for 30 min. These
solutions were spin-coated on the gold electrodes at 2500 rpm for 80 s and then heated
for 1 h at 90 °C. A PMMA cell was then attached to the PEDOT-PSS film and PEDOT-
PSS coated gold electrodes were equilibrated in PBS for 30 min. Next, virus-PEDOT
films were electropolymerized onto the PEDOT-PSS/gold-film electrodes using a
platinum foil counter and MSE reference electrodes. Virus-PEDOT films were then
electrodeposited onto the PEDOT-PSS film from agueous solutions containing 8 nM M13
bacteriophage, 12.5 mM LiClO4 and 2.5 mM EDOT by performing two voltammetric scans
from 0.2 V to 0.8 V vs. MSE at a scan rate of 20 mV/s. A PARSTAT 2263 controlled by
Electrochemistry PowerSuit 2.6 software was used for this deposition. All VBRs
employed for sensing measurements conformed to the screening parameters applied at
each step of the fabrication process, as described in detail in the SI. For additional detail,

see Figure A.1.
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2.2.3. Impedance Spectroscopy (IS)

All solutions were prepared and equilibrated at room temperature (20 °C) prior to
IS measurements. The VBR cell was first rinsed three times with PBS after which
impedance measurements were conducted as follows: Background IS measurement (in
triplicate) was acquired in urine (synthetic or human) that contained no added protein,
and a second IS measurement (again in triplicate) was acquired in the same urine
containing added DJ-1 or IL-6 at the indicated concentrations. The difference in Zre
between these two measurements at each frequency is ARver. The two Rver inputs to
ARver are obtained by fitting an impedance frequency spectrum that spans the range
from 1 Hz to 40 kHz. All IS data were acquired using a Princeton Applied Research
PARSTAT Model 2263 controlled by Electrochemistry PowerSuit 2.6 software. 50 data
points were acquired across a frequency range of 1 Hz to 40 kHz. The amplitude of the
applied voltage was 10 mV for all IS measurements. VBRSs are single use devices. A
different VBR was therefore used for each measurement. Equivalent circuit fitting was
accomplished using EIS Analyzer (ABC Chemistry). Minimization algorithm Powell (300

iterations) was used to generate values for each circuit element.

2.2.4. Time Scan Experiment

The time scan experiment was performed on four different VBRs for four
concentrations of DJ-1 protein, 10 pM, 30 pM, 100 pM and 1 nM. Each VBR was first
equilibrated in synthetic urine for 9 min. A “pure” urine baseline Rvsr was then acquired
atf=0.1 Hz for 1.0 min. The synthetic urine was then removed from the PMMA cell and
replaced with synthetic urine supplemented with DJ-1 protein at the specified
concentration, without disconnecting the VBR from the potentiostat. After a one-minute

exposure to the test solution, Rver was again recorded for 10 min.

2.2.5. Control Experiments
Three negative control experiments were undertaken to test for signal specificity.
In the first, a Stop-4 M13 virus, which has no displayed peptide binding moieties, was

substituted for DJ-1-binding phage. The Stop-4 control VBRs were exposed to 500 nM
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DJ-1. Second, VBRs containing no phage were exposed to 500 nM DJ-1. Interleukin 6
(IL-6, 20.9 kDa, pl = 6.2) that is similar in size and pl to DJ-1, was used as a third control.

2.2.6. SEM Analysis
Scanning electron microscopy (SEM) data were acquired using a FEI Magellan
400L XHR FE-SEM. An accelerating voltage of 2 kV was used for uncoated films and 10

keV for samples coated with 3 nm of iridium.
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Figure 2.2 - The Virus BioResistor (VBR). a) Rendering of gold electrodes for a two-VBR chip
showing its dimensions. The two electrodes at left comprise one VBR and the two on the right a
second VBR. These two VBRs will share a single bioaffinity layer. b) The three-step process for
fabricating a VBR: Step 1 — a conductive PEDOT-PSS base layer is spin-coated onto the gold-
on-glass template shown in (a). This film is baked at 90 °C for 60 min; Step 2 — A
poly(methylmethacrylate)(PMMA) cell is attached on top of the dried PEDOT-PSS film; Step 3 —
the PMMA cell is filled with aqueous EDOT-virus plating solution, and a virus-PEDOT film is
deposited by electrooxidation. This VBR biosensor is ready for use. c¢) Photograph of a two-VBR
chip with PMMA solution cell.

2.3. Results and Discussion

2.3.1. VBR Fabrication and Characterization

Starting with patterned gold electrodes on glass (Figure 2.2a), VBRs are prepared in three
steps (Figure 2.2b). First, a PEDOT-PSS layer is deposited by spin-coating. Second, a
poly(methyl methacrylate) (PMMA) solution cell with adhesive backing is pressed onto
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the PEDOT-PSS layer. Third, this solution cell is used to electrodeposit a virus-PEDOT
layer. This electrodeposition process applied the following protocol: The VBR cell is
rinsed with PBS buffer and filled with an aqueous solution of EDOT (2.5 mM), LiClO4 (12.5
mM), and engineered M13 virus particles (8 nM). Using a mercurous sulphate reference
electrode (MSE), and a platinum counter electrode, the virus-PEDOT composite layer is
electrodeposited onto the PEDOT-PSS surface by scanning its potential (20 mV/s) from
+0.20 V to +0.80 V and back versus MSE in two cycles (Figure 2.2a, b). Under these
conditions, EDOT is oxidized and the growth of EDOT oligomers proceeds until insoluble
cationic PEDOT is precipitated as a film, together with charge-compensating ClO4
anions, onto the PEDOT-PSS electrode.® If M13 virus is present in the plating solution,
virus particles are incorporated into the growing film, a process promoted by the high
negative charge density of these particles. At neutral pH, each M13 vision is blanketed
with =6000 negative charges.”® Previously, we have demonstrated that the
electrodeposition of films from a plating solution containing M13 virus particles and EDOT
produces a composite virus-PEDOT film that concentrates virus particles by a factor of
500 times relative to the M13 concentration in the plating solution.”> As seen in the
photograph of a VBR shown in Figure 2.1c, the resulting VBR “channel”, consisting of a
PEDOT-PSS bottom layer and a virus-PEDOT top layer, is transparent.

The VBR device architecture and polymeric channel resembles that of an organic
electrochemical transistor (OECT).727374 75,76 The differences between these two types of
devices are the following: 1). The VBR is a two-terminal device with no gate electrode.
This simplifies its operation considerably, as the VBR measures the impedance of its
channel at its rest potential in the analysis solution without the need for gate scans and
the requirement for optimization of the gate potential prior to a measurement.”” The VBR
measures an impedance frequency spectrum for the channel, typically across five orders
of magnitude in frequency instead of the DC resistance of the channel, as is common
practice with EOCTs.”®7 This impedance data set allows the channel impedance, Rver,
which provides the VBR signal, to be cleanly separated from the solution impedance,
Rsolin, Which is correlated with the salt concentration of the analysis solution. 44 For bodily
fluids such as urine, Rsoin has the potential to provide information relating to the hydration

state of a patient. 3). VBRs use engineered virus particles as receptors. Virus particles
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may be entrained in a PEDOT film by co-electrodeposition of the virus with the polymer
as described above. A fourth difference may be the mechanism of signal generation, as
described below.
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Figure 2.3 - Electrodeposition and SEM cross-sections of virus-PEDOT bioaffinity layers. a). A
virus-PEDOT bioaffinity layer is electrodeposited on a PEDOT-PSS base layer using two
voltametric scans, as shown. The plating solution is aqueous 2.5 mM EDOT and 12.5 mM LiClO4,
8 nM virus, and the scan rate is 20 mV/s. The DC resistance, Rpepor-pss, Of the PEDOT-PSS
layer here is 75 — 79 Q. b). Same electrodeposition process for a thinner, PEDOT-PSS base
layer with Reeport.pss in the range from 240 — 380 Q. c,d). Cross-sectional SEM images of these
two layers show that the more conductive PEDOT-PSS layer (Rpepot-pss = 75— 79 Q) is 70 nm (%
3 nm) in thickness whereas the less conductive PEDOT-PSS layer is 48 nm (+ 2 nm) in thickness.
The electrodeposited virus-PEDOT layer is also somewhat thinner in (d) relative to (c) in
accordance with the lower deposition currents observed for the second deposition scan.

The architecture and resultant properties of the VBR channel dictate its sensing
performance. We focus attention here on the importance of the PEDOT-PSS layer
thickness and electrical resistance. SEM cross-sectional images (Figure 2.3c,d) show
that both polymer layers are tens of nanometers in total thickness. The thickness of the
PEDOT-PSS bottom layer is influenced both by the presence of ethylene glycol (EG) in
the deposition solution®#! and the spin coater speed. The addition of EG is known to
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increase the conductivity of PEDOT-PSS by altering its morphology.8# Relatively thick
(70 (£ 3) nm) low resistance films were obtained using 3% (v/v) EG while high resistance
films (48 (x 2) nm) were prepared using 1.5% (v/v) EG (Figure 2.3c,d). The electrical
resistance of these layers, Reepot-pss, is = 75 — 79 Q (thick) and 240 — 380 Q (thin). The
increased resistance of the PEDOT-PSS bottom layer has little effect on the thickness of
the virus-PEDOT top layer electrodeposited on it and the virus-PEDOT top layers had
similar thicknesses of 92 (£ 4) nm (high PEDOT-PSS resistance) versus 103 (x 4) nm
(low resistance). As we demonstrate below, a reduction in thickness of the PEDOT-PSS
layer, and an increase in its resistance, boosts the sensitivity of the VBR for the detection
of HSA and DJ-1.

Electrodeposited virus-PEDOT and PEDOT-only films have a characteristic
topography imparted by PEDOT crystallites protruding by up to a micron from the planar
surface of the PEDOT film (Figure 2.4). These “PEDOT stalagmites” are not related to
virus particles as they are observed both in the absence (Figure 2.4a, b) and presence
(Figure 2.4c, d) of added phage particles. PEDOT stalagmites have attributes of
crystallites, including a faceted appearance, as previously reported in the literature. 8485
In virus-PEDOT films, entrained M13 virus particles appear as black filamentous objects
against a gray PEDOT background (Figure 2.4c,d,e). SEM examination of several
samples show that the virus concentration within the plane of the virus-PEDOT film is
nonuniform with 10 um? - 30 um? regions that are intensely black — indicating high virus
concentrations — and other regions that are gray with a relatively low virus concentration.
The clustering of virus particles within the film is interesting and surprising, given the high
negative charge density of these particles.

2.3.2. VBR Electrical Response and Signal

As previously proposed 44, a simple equivalent circuit containing four circuit elements
accounts for the measured frequency-dependent impedance of the VBR channel from
DC to 40 kHz (Figure 2.5a). In this circuit, the capacitance of the virus-PEDOT/solution
interface is represented by a total capacitance, C. This capacitance provides coupling
between the AC voltage signal applied to the channel and the analyte solution. Three

resistors represent the resistance of the analyte solution (Rsoin), the resistance of the top
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polymer layer (Rreport-virus) and the resistance of the bottom PEDOT-PSS layer (Rpepor-

PSS).
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Figure 2.4 - Plan-view SEM images, acquired with secondary electron detection (SED), of virus-
free (a,b) and virus-containing (c,d,e) bioaffinity layers. (a,b) Control VBR bioaffinity layer
prepared by electrodeposition from a solution containing no virus particles. Micron scale
protrusions from the surface of this film are characteristic of electrodeposited PEDOT. These
protrusions are not seen at PEDOT-PSS films prepared by spin-coating. We refer to these
structures as “PEDOT stalagmites”. (c,d,e) VBR bioaffinity layers containing M13 virus particles.
Filamentous M13 virus particles comprise the dark regions of these images. Lighter gray regions
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contain no virus. PEDOT stalagmites are also observed. Enhanced contrast (e) exposes tangles
of M13, again distributed nonuniformly inside a virus-PEDOT bioaffinity layer.

The impedance response of a VBR is characterized by a semi-circular Nyquist plot
(Zim versus Zre, Figure 2.5b). A qualitative understanding of the VBR response is provided
by examining its limiting behaviors at low and high frequencies across the range from 1.0
Hz to 40 kHz. At f = 1.0 Hz, the capacitive reactance of the virus-PEDOT/solution
interface, (Zc = (2mfC) 1 = 6 kQ)is larger than Rver (= 2.1-2.7 kQ, Table 1). So, although
Rsoin is small by comparison to Rver (289—330 Q), the value of Zc strongly attenuates the
AC signal that accesses Rson. In this limit, Rver is approximated by the parallel

combination of Rpepot-vius and Reepor-pss (Rver, EQ. 1).

R _pss)(R _virus)
R ~ (BpEDOT—PSS)RPEDOT—virus 1
VBR ™ Rpgpor—psstRpEDOT—virus [1]

As shown below and previously,? Rver increases in the presence of a target protein that
is bound by virus particles in the virus-PEDOT layer. The difference between Rvgr in the
presence and absence of this protein is the VBR signal, ARvsr.

At the high frequency limit, f = 40 kHz, the capacitive reactance approaches zero
(Zc = (2mfC)t = 0.15 Q), and the circuit of Figure 2.6a simplifies to three resistors in

parallel:

(Rpepor—pss)(RpEpoT—virus) Rsoin) 2]
Rpgpor—pssRpEpoT—virus T RsomRpEDOT —virus T RsonRPEDOT—PSS

Rypr =

Atf=40kHz, Rver is much lower than at 1 Hz because the small resistor Rson is accessed
in parallel to Rpepot-pss and Rvius-pEDOT. TO @ first approximation, the impedance at both
of these frequency limits, 1.0 Hz and 40 kHz, is purely resistive but at intermediate
frequencies, a significant capacitive component is introduced, producing the

characteristic semicircular Nyquist plot that is observed, as seen in Figure 2.6b.
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Figure 2.5 - The VBR equivalent circuit (a) and a typical impedance response (b). This Nyquist
plot (Zim versus Z.) shows the impedance frequency spectrum plotted between 1.0 Hz and 40
kHz for a synthetic urine solution that was supplemented with DJ-1. A single VBR measured
these solutions at the indicated DJ-1 concentrations.

The values of C, Rson, and Rver (encompassing Rpepot-virus aNd Rpepot-pss ) are
obtained by deconvolution of the complex impedance data set. How do Rvsr, Rsoin, and
C, change in response to the concentration of a target protein? For DJ-1 concentrations
from 0 — 100 nM, variations of Rsoin are constant within the error bars for this measurement

and are independent of DJ-1 concentration (Table 2.1). The capacitance, C,

—;) varies weakly
Qi)™

approximated as a constant phase element (CPE, Zc = Z pr =
with the DJ-1 concentration (Table 2.1). Rvsr at low frequency, in contrast, is strongly
correlated with the DJ-1 concentration and, as already indicated, ARver, is used to
transduce the concentration of a target protein bound by entrained virus particles (Table

2.1).

Table 2.1 - VBR circuit element values, and ARygr, corresponding to the Nyquist plots of Figure
2.5b.

Synthetic Urine 100 pM DJ-1 30 nM DJ-1 100 nM DJ-1

value st dev value st dev value st dev value st dev
Rsa (Q) 331 8 288.7 0.9 293 7 279.3 0.2
Rver (Q) 2156 1 2436 5 2641 4 2733 8
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ARvBr
0 280 485 577
Q)
3CPE,Q | 2.77x 0.03 x 2.59 x 0.01 x 2.65x 0.02 x 2.520 x | 0.009 x
(F) 10 10° 10° 10° 10° 10° 10° 10°
aCPE, n 0.84 0.00 0.85 0.00 0.85 0.00 0.86 0.00

1
PISE The phase angle,

6, of the impedance response is, © = -(90*n)°, with 0 >n > 1. n =1 corresponds to ideal capacitor behavior.

aConstant phase element (CPE) approximation of the capacitance, C.86 Z ., = —

Since, as noted above, the VBR signal ARvsr is best measured at low frequency,
wouldn’t it be simpler to use the DC resistance of the VBR channel to derive signal? In
practice, the DC measurement does work, but there are two reasons for measuring the
frequency spectrum instead: 1). In DC sensing mode, one does not acquire the high
frequency impedance (Eq. 2) that permits deconvolution (and measurement) of the
solution resistance from the ARvgr signal. 2). The reproducibility of the impedance at low
frequency is better than for a DC measurement. That is, the signal-to-noise at low

frequencies down to 1 Hz is higher than the noise at DC (data not shown).

2.3.3. Tuning the VBR Signal Amplitude Using Rprepot-pss

Eq. [1] predicts that at low frequencies, increasing Rpepot-pss causes Rver to
converge on Reepotwius (Figure 2.6a). If ARver is generated by the virus-PEDOT top-
layer, then an increase in Rpepot-pss should increase VBR sensitivity. This expectation is
confirmed by measurement of ARver for the protein human serum albumin, HSA, a 66.5
kDa protein that is a marker for renal failure (Figure 2.6). A plot of ARvsr versus Rpeport-
pss for [HSA] = 100 nM shows that increasing Reepot-pssis from 70 Q to 380 Q by reducing
thickness of this layer, increases the ARver from 40 Q to more than 500 Q (Figure 2.6b).
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Figure 2.6 - Reeport-pss tuning of the VBR sensitivity for HSA. (a)- The equivalent circuit for the
VBR places the electrical impedance of the virus-PEDOT layer, Rvar, in parallel with that of the
PEDOT-PSS bottom layer, Reepot.rss, forming a current divider. (b) Increasing Rpepot-pss from
80 Q to 300 Q, by reducing the PEDOT-PSS layer thickness, forces current, i, through the virus-
PEDOT measurement layer, increasing the signal for 100 nM HSA by a factor of 3 to 5 from 200
Q to more than 900 Q. (c,d,e) Three Nyquist plots corresponding to three values of the resistor,
Rrepot.pss, as indicated. In each plot, impedances are plotted in the complex plane from 1 Hz
(right) to 40 kHz (left). A shift in the low frequency Z. from synthetic urine only (blue trace) to 100
nM DJ-1 (orange trace) approximates the signal, ARver. (f) Rver versus [HSA] calibration plots
for a series of 42 VBR sensors (21 in each plot) with Reepot.pss vValues in the range from 80 to 100
Q and 260 to 300 Q. The higher Reepot.pss devices produce 3 to 5 times more signal amplitude
across the HSA binding curve.
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Nyquist plots for three Reeport-pss values (Figure 2.6¢,d,e) document the increase
in sensitivity for three VBRs. It should be noted that Rpepot-pss = 300 Q is a practical
upper limit in our experiments. Attempts to further thin the PEDOT-PSS layer to achieve
even higher sensitivities resulted in pronounced irreproducibility in both Rpepot-pss and
measured ARvsr values.

Two calibration plots for HSA in PBS buffer solution acquired using VBRs compare
the performance of high resistance PEDOT-PSS layers, (Rpepot-pss = 260 - 300 Q) with
low resistance PEDOT-PSS layers (Rrepot-pss = = 80 - 100 Q, Figure 2.6f). The ARver
signal for HSA increases by between 10x (at low concentrations) to 3x (at high
concentrations) across the HSA concentration range encompassed by these data.

Reeport-pss tuning of the VBR sensitivity also works for DJ-1 — a bladder cancer
marker that is significantly smaller than HSA (20.8 kDa versus 66.5 kDa). Again, a plot
of ARver versus Reepot-pss for a concentration of DJ-1 of 100 nM in synthetic urine shows
that increasing Rrepot-pss from 75 Q to 300 Q increases ARver from 50 Q to 550 Q (Figure
2.7a). Nyquist plots for three Reepor-pss values (Figure 2.7b, ¢, d) document the increase

in sensitivity for three VBRSs.
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Figure 2.7 - Rpeport-pss tuning of the VBR sensitivity for DJ-1. (a) Increasing Rpepot-pss from 80 Q
to 300 Q, by reducing the PEDOT-PSS layer thickness increases the signal for 100 nM DJ-1 by
a factor of =10 from 50 Q to 550 Q. (b,c,d) Three Nyquist plots corresponding to three values of
the resistor, Rpepor-pss, as indicated. In each plot, impedances are plotted in the complex plane
from 1 Hz (right) to 40 kHz (left). A shift in the low frequency Z.. from synthetic urine only (blue
trace) to 100 nM DJ-1 (green trace) approximates the signal, ARvzr.

Looking more carefully at the DJ-1 sensing performance of VBRs with high
resistance PEDOT-PSS layers (Rrepot-pss = 300 Q) Nyquist plots (Figure 2.8a, b, ¢) show
the accessible DJ-1 dynamic range extends from a limit-of-detection of 10 pM to 300 nM
— a range of more than four orders of magnitude (see values of all circuit elements for

these three VBR sensors in Table A.1). A plot of ARver versus DJ-1 concentration across
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this same range for a total of 35 VBR sensors (Figure 2.8d) conforms to the Hill

Equation:®’

_ ARyBR,lim—ARVBR,0
ARyggr = ARypggro + R [3]
1+(ipy25)
[D]-1]

A best fit of equation [3] to these data yields the following parameter values: ARvBR,im =
950 + 640 Q, ARvero =50+ 140 Q, Kb =39+ 170 nM, h =0.3 £ 0.2, and R? = 0.94. It
should be noted that these data encompass measurements of DJ-1 in synthetic urine (21
sensors) and in pooled human urine (14 sensors). Each of these VBRs was used for a
single DJ-1 concentration data point in Figure 2.8d. The measured value of h indicates
strong negative cooperativity, meaning that the microscopic dissociation constant, Kp, is
increased (the affinity interaction is reduced) as the fraction of binding sites occupied by
the target protein increases.®” This has the effect of stretching the binding curve across
a wider range of DJ-1 concentration range — exceeding four orders of magnitude in the

present case (Figure 2.8d).
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Figure 2.8 - DJ-1 sensing performance using VBRs with Rpepot-pss =280 to 300 Q. (a,b,c) Nyquist
plots for three DJ-1 concentrations of (a) 10 pM, (b) 1 nM, and (c) 300 nM. Also shown (blue
traces) are background Nyquist responses in synthetic urine only. (d) A calibration curve for the
detection of DJ-1 using the Rygr signal constructed using 21 individual measurements from the
same number of VBRS, at seven concentrations. Values of Kp and h (the Hill exponent) obtained
from a best fit of the experimental data to equation (2), are indicated. (e) Bar plot for ARvgr
measurements acquired from 21 electrodes, illustrating the sensor-to-sensor reproducibility of
these data. CoVs for these data, shown, are in the 2 to 8% range across four orders of magnitude
in DJ-1 concentration. The values of each of the circuit elements is indicated in Table A.1.

In principle, the absence of a gate and an applied gate potential referenced to an
external reference electrode, leaves open the possibility of potential drift of the channel
that could drive doping and de-doping reactions of the PEDOT sensing layers, causing
baseline drift of the sensor and degrading reproducibility of the concentration
measurements. But the data of Figure 2.8e shows that this “channel conductivity drift” is
inconsequential on the time scale of 1-2 minutes required for carrying out VBR
measurements of concentration. To this end, we made measurements of DJ-1 conducted
in triplicate (for synthetic urine) and duplicate (for human urine) document the
reproducibility of VBRs (Figure 2.8e). Sensor-to-sensor coefficients-of-variation (CoV)
vary from 2.9% (30 pM), to 4.1% (300 nM), extraordinarily low values. As expected, at
the 10 pM LOD, a higher CoV of 19% is obtained. It should be noted that VBRs are
effectively single use devices, because the off-rate for bound DJ-1 after a single exposure
is several hours (data not shown). This means that individual VBRs cannot be calibrated;
every VBR sensor must respond to the same calibration curve placing a premium on the
sensor-to-sensor reproducibility.

Nonspecific adsorption at the unmodified virus-PEDOT surface of a VBR is
negligible, contributing to the simplicity of VBR fabrication (Figure 2.2b). Blocking, often
accomplished by pre-equilibrating a bioaffinity layer with solutions of bovine serum
albumin (BSA), casein,® # % or poly(ethylene glycol),** prior to exposure to a target
protein, is not required. Three sets of negative controls (Figure 2.9a) for VBRSs containing
no phage, VBRs prepared using Stop-4 phage (which has no displayed peptides at its
surface), and VBRs prepared using DJ-1 binding phage in the presence of Interleukin 6
or IL-6 (a protein of similar size, 20.9 kDa, and pl, 6.2 versus 6.7 for DJ-1) - either produce
no measurable signal or a small “negative” signal, corresponding to a negative value of
ARver (Figure 2.9a).
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Figure 2.9 - VBR specificity and speed. (a) Three control experiments: At left is the response of
three VBRs prepared with no phage exposed to 500 nM DJ-1. To the right of this is the response
of three VBRs prepared with Stop-4 phage that has no displayed peptides on its surface. Finally,
at right are shown the results of three VBRs containing DL1 phage (selected for the binding to
DJ-1) upon exposure to IL-6, a protein of similar MW (20.9 kDa) and pl (6.2) to DJ-1 (20.7 kDa
and pl of 6.7, respectively). (b) Real-time VBR sensing data. Responses for five VBR sensors
are shown for DJ-1 exposures of 0 pM (green trace), 10 pM, 30 pM, 100 pM, and 1.0 nM. These
traces were obtained by first stabilizing sensors in synthetic urine for 9 min, measuring a Rver
baseline at 0.10 Hz, and then interrupting for 1.0 min while the synthetic urine was replaced with
synthetic urine supplemented with DJ-1 at the specified concentration, after which ARvgr signal
was acquired.

Analysis speed and simplicity of operation are two requirements for biosensors
that are used either at the point-of-care (PoC) or outside a care facility, at a point-of-need
(PoN).%%2 The VBR provides for detection of DJ-1 across a range of concentrations within
one minute in a dip-and-read modality (Figure 2.9b). Thus, the VBR is well-adapted to
PoC and PoN applications.

The frequency-dependent signal-to-noise ratio (S/N) for the VBR (Figure 2.10a)
increases with decreasing frequency from 40 kHz to 1.0 Hz. In this measurement, noise
is defined as the standard deviation of repetitive measurements (N = 3) for ARver (the
signal) at a defined concentration of target protein. At a DJ-1 concentration of 300 nM,
S/N peaks at 150 at 1.0 Hz and decreases to 60 at 100 pM and 4 at 10 pM, the limit-of-
detection. S/N ratios at 40 kHz, in contrast, are in the range from 2 to 14 for this range of
DJ-1 concentration. Consistent with the equivalent circuit of Figure 2.5a, increasing
frequency reduces the impedance of the virus-PEDOT solution capacitance, Zc, opening
a low impedance path through the analyte solution, Rsoin and by-passing the signal-

generating current path of the channel. It should be noted that the S/N versus frequency
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data sets (Figure 2.10a) are themselves noisy. Repeated measurements of these data
shows that the sharp peaks and valleys seen in these traces are not reproduced. This
means that there are temporal variations in the noise present in the VBR circuit. However,
the trend of increasing S/N with decreasing frequency remains prominent in these data.
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Figure 2.10 - (a) Signal-to-noise (S/N) versus frequency for the detection of DJ-1. Shown are
three plots of S/N versus frequency measured for three VBRs immersed in three DJ-1-spiked
synthetic urine solutions containing DJ-1 at the indicated concentrations. Noise is calculated as
the standard deviation of three replicate measurements at each frequency. S/N consistently
increases from high to low frequencies. (b) Comparison of ARvgr for the detection of DJ-1 in two
electrolytes: synthetic urine (pH = 5.5) and PBS buffer (pH = 8.0). The charge state of DJ-1 (pl =
6.7) inverts across this pH difference, and is negatively charged at pH = 8.0 and positively charged
at pH = 5.5. However, ARyvgr at two different concentrations are the same, despite changes in
pH, within the reproducibility of these measurements.

2.3.4. A Proposed Mechanism for VBR Signal Generation

The mechanism by which the VBR produces an impedance increase in the
presence of target protein is of interest. This mechanism must account for three
experimental observations: 1). ARvasr iS positive. In particular, the sign of the protein
charge, positive or negative, has no influence on the signal. For example, DJ-1 (pl = 6.7)
can be measured both at pH = 5.5 and at 8.0, corresponding to a positively charged
protein, and a negatively charged protein, respectively (Figure 2.10b). ARvar signal is
unaffected by this charge inversion. 2). VBR signal is insensitive to the salt concentration
of the test solution. Previously, * we demonstrated this for the detection of 75 nM HSA
in salt solutions ranging from 134 mM to 670 mM NaCl where no significant change in

HSA signal was observed. Collectively, (1) and (2) imply that a charge gating mechanism,
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responsible for signal in field-effect transistors,* cannot be operating in VBRs. 3) The
signal-to-noise ratio is strongly frequency dependent - S/N is high at low frequency (= 1
Hz) and near zero at high frequency (= 40 kHz) where it is also independent of the
concentration of a target protein. The implication is that the signal generating process
does not require the transmission of AC signal through electrolyte. This includes
electrolyte that is present in the voids within the porous virus-PEDOT signal-generating
layer. Thus, Rver decreases by just 24 Q or 4% (against a background of 600 Q) in
protein-free aqueous NaCl as Cnaci is increased by a factor of 50 from 0.02 M to 1.00 M
(Figure A.2).

A simple mechanism that may account for these observations is shown
schematically in Figure 2.11. Here, just the virus-PEDOT layer is illustrated. The virus-
PEDOT layer itself is semi-crystalline, containing crystalline PEDOT-only domains
surrounded by disordered domains that contain disordered PEDOT chains and, likely,
most of the virus particles (Figure 2.11a). Electrical conduction within this layer occurs
by two processes: i) intrachain charge transport (via bipolarons) and, ii) interchain
electron hopping (Figure 2.11a). Interchain hopping, in particular, can be disrupted by
the partitioning of protein into this layer, promoted by the immunoaffinity partitioning of

target protein by virus particles entrained in the virus-PEDOT film.%
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Figure 2.11 - Schematic representation of a hypothesized signal transduction mechanism for the
VBR. (a) The virus-PEDOT layer shown here consists of semi-crystalline PEDOT with virus
particles that are concentrated within disordered regions of the PEDOT layer, (b) When exposed
to the DJ-1 protein solution, ARvgr is initially zero, because an induction time is associated with
the rate-limiting diffusion of the protein into the virus-PEDOT layer. (c) Permeation of the virus-
PEDOT layer by DJ-1 is associated with an increase in its resistance as the insulating protein
interferes with conduction pathways within this layer.

broken contacts

This mechanism is analogous to that proposed for chemiresistive gas sensors that
exploit a carbon/polymer composite chemiresistor.®¢-1° |n these systems, permeation of
a carbon/polymer (insulating) composite by a molecule in the vapor phase causes an
increase in the volume of the composite and a decrease in the volume fraction of the
conducting carbon phase, leading to a reduction in the conductivity of the composite, a

process that is described by percolation theory:101.102

o =oo[V—V] [4]

Where oo is the conductivity of the composite in the absence of permeating vapor species,

o is the conductivity of the composite after exposure to this vapor, V is the volume fraction
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of the conductive component of the composite, Vc is the volume fraction of the conductive
phase at the percolation threshold, and a is a scaling exponent that depends only on the
dimensionality of the percolation process (2 dimensional or 3 dimensional). Eq (4) is
intended to model the conductivity at values of V near the percolation threshold, but more
generally, it provides a signal transduction mechanism for chemiresistors in which the
resistor is comprised of a nonconductive and a conductive component and for which
permeation of analyte(s) induces swelling of this system.

The mechanism depicted (Figure 2.11) requires that target protein diffuses into the
virus-PEDOT layer. Does this occur on the one-minute time-scale of signal generation,
and if so, what mass loading of protein is obtained in this layer during this brief period?
These questions can be addressed using quartz crystal microbalance (QCM) gravimetry.
In this measurement, a two-layer PEDOT-PSS + virus-PEDOT bioaffinity layer is
prepared on a QCM crystal coated with a thin photoresist layer. Exactly the same
processes used for VBR fabrication (Figure 2.12a), involving the PVD deposition of gold
electrodes, spin-coating of the PEDOT-PSS layer, and electrodeposition of the virus-
PEDOT layer, are used for the preparation of these layers, for these experiments, the

gold electrodes are not used to make electrical measurements.
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Figure 2.12 - Measurement of DJ-1 mass loading for VBR bioaffinity layers using quartz crystal
microbalance (QCM) gravimetry. (a) Four step fabrication of a complete VBR bioaffinity layer on
a commercial QCM crystal. (b) Change in frequency, Af, versus time for the exposure of two
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VBRs to solutions of DJ-1 at 100 pM and 100 nM. The measured DJ-1 mass loading is indicated
and traces are shifted along the Af axis for clarity. (c) The concentration of DJ-1 versus its
measured mass loading. This isotherm was acquired in PBS buffer solution.

Upon exposure to DJ-1 solutions, the resonant frequency, fr, decreases within
seconds and stabilizes within =40-60 s (Figure 2.12b) Using the Sauerbrey Equation®

the observed frequency change, Af, can be translated into a mass change, Am:

—__JIr
Af = pquAm [5]

where fr is the resonant frequency of the quartz crystal oscillator in air, pq, is the density
of this crystal, d is its thickness, and A is the area of the gold electrodes deposited onto
this crystal.

A plot of Am versus DJ-1 concentration shows saturation behavior resembling the
VBR calibration plot for DJ-1 (Figure 2.8d). The mass loading saturates at = 4 ug/cm?
which corresponds to more than 1.0 monolayer of DJ-1 at the surface of the virus-PEDOT
layer - even if this layer has significant roughness. For purposes of comparison, the mass
of a hydrated protein monolayers has been measured using QCM for several proteins
including RNAase (13.7 kDa, 300 ng/cm? on silica), bovine serum albumen (66.5 kDa,
150 ng/cm? on silica)'®*, and human serum albumin (66.5 kDa, 230 ng/cm? on oxidized
gold)1% An estimate of the mass of a closest packed DJ-1 monolayer can also be derived
from the dimensions of this protein previously reported using single crystal x-ray
diffraction'%. The refined crystallographic data includes 323 structural water molecules
per DJ-1 protein, which should be considered a lower bound to the actual water content
of this system. The mass of this monolayer is predicted to be 146 ng/cm?.

The low end (146 ng/cm?) and high end of these estimates (300 ng/cm?) are
indicated by dashed lines in Figure 2.12c. Based upon these numbers, the =4 pg/cm?
plateau measured for DJ-1 corresponds to 13-27 equivalent protein monolayers. These
data are consistent with permeation of DJ-1 into the virus-PEDOT layer, and perhaps the
PEDOT-PSS layer as well, on the one-minute time scale as required by the mechanism

depicted in Figure 2.11.
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Finally, it is useful to confirm that the diffusion coefficient, Dps-1, required for DJ-1
permeation by diffusion in one minute is physically realistic. Dps-1 can be estimated using
the equation:'°” Dpy.1 = T%/2t where T is the total thickness of the two-layer channel (= 150
— 170 nm) and t is the time required for diffusive permeation of DJ-1 (=60 s) which we
estimate as the time required for signal generation. The range of calculated Dpj-1 values
is (1.9 — 2.4) x 1012 cm?/s, which is approximately 5-6 orders of magnitude slower than
the diffusion coefficient for proteins of this size (D = 1077 - 10® cm?/s)'®® in aqueous
electrolyte solutions, qualitatively as expected. Potentially, the estimates of T, derived
from SEM data (Figure 2.3), could be too low because these values pertain to dried films.
However, doubling the estimate of T (= 300 — 340 nm) produces Dps1 values of (7.5 —

9.6) x 102 cm?/s within an order of magnitude of the dried values.

To test the signal transduction mechanism for VBRs proposed here, simultaneous
measurements of the electrical impedance and direct QCM measurements of the mass
loading of protein, are required for comparison with the predictions of Eq. [4]. We expect

to carry out these measurements soon.

2.4. Summary

The VBR is a biosensor that exploits direct electrical communication with virus
particles to measure the concentration of protein biomarkers for cancer and disease.
These virus particles, which are engineered to recognize and bind a target protein of
interest, are entrained within an electrodeposited virus-PEDOT film. The electrical
impedance of this film directly produces the signal required for protein quantitation,
eliminating the need for any additional amplification. In addition, no reagents such as
redox couples are required for these measurements.

The conductive polymer bilayer comprising the VBR channel can be engineered
to adjust its sensitivity. In particular, a reduction in the thickness of the PEDOT-PSS
bottom layer from 70 nm to 48 nm significantly increases the resistance of this layer, from
=80 Q to =300 Q increasing the VBR signal for HSA (66.5 kDa) by a factor of 3x to 10x.
Applying this strategy to the detection of a smaller protein, DJ-1 (20.8 kDa) enables the
measurement of this bladder cancer marker at concentrations down to 10 pM using a

measurement time of 1.0 min. in a dip-and-read modality. The extreme simplicity of the
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VBR allows for its fabrication in three steps, contributing to excellent sensor-to-sensor
reproducibility characterized by CoVs below 7% down to 30 pM for DJ-1, across the entire
DJ-1 binding curve spanning four orders of magnitude in concentration.

Direct QCM measurement of the mass of the bioaffinity bilayer demonstrates that
the equivalent of multiple (>10) monolayers of DJ-1 protein are able to diffuse into this
layer from solution within one minute, a process that coincides temporally with the
generation of the VBR impedance signal. The resulting QCM binding curve for DJ-1
resembles the binding curve measured by the VBR for this protein. Based upon this
observation as well as other evidence, a simple model is proposed for signal transduction
involving the dilution of the PEDOT conductor by insulating protein molecules resulting in
an increased resistance for this layer, a mechanism analogous to that operating in

carbon/polymer chemiresistor gas sensors.
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Chapter 3: Enhancing the Sensitivity of the
Virus BioResistor by Over -Oxidization:
Detecting IgG Antibodies.

This chapter is adapted from a research article “Enhancing the Sensitivity of the Virus
BioResistor by Overoxidation: Detecting IgG Antibodies”.
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3.1. Introduction

Biosensors capable of rapid, sensitive quantitation of protein disease markers in a
variety of bodily fluids at the point-of-care could aid in the diagnosis of disease and
improve prognoses.’®tt The Virus BioResistor or VBR is a biosensor that exploits
engineered virus particles (Figure B.1) as receptors to detect proteins. The device’s
simple chemiresistor device architecture consists of embedded virus particles in a two-
layer polymeric channel consisting of a conductive poly(3,4 ethylenedioxythiophene)-
poly(styrene sulfonate) or PEDOT-PSS bottom layer prepared by spin coating, and an
electrodeposited virus-PEDOT top sensing layer. 4344 We recently demonstrated that
VBRs can be used to detect the bladder cancer marker DJ-1 (MW of 22 kDa) with a limit-
of-detection, LODps-1, of 10 pM in human urine. However, the VBR is less sensitive to a
larger protein, human serum albumin (HSA, 66 kDa), where a LODusa of 7.5 nM has been
achieved. 434 The reduced sensitivity of the VBR can be traced to reduction of the signal,
DRvsr, for measurements of HSA compared to DJ-1 (Figure 3.1). This depressed
sensitivity of HSA relative to DJ-1 is observed across the entire VBR dynamic range for

the detection of these two proteins.
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Figure 3.1 - Larger proteins produce less VBR signal. The signal, ARvgr, produced by optimized

VBRs for three proteins at 100 nM in buffer versus the molecular weight of these proteins. The
over-oxidation process described here produces O?VBRs that generate significantly more signal

39



for both large and small proteins. DJ-1 = protein deglycase, “> HSA = human serum albumin, 44
Ab = 1gG antibody.

IgG antibodies (MW of 150 kDa) pose a more challenging problem for the VBR as
follows. No signal at all is observed in buffer solutions containing significant
concentrations (>300 ng/mL or 1.8 nM) of these large proteins (Figure 3.1). Together
with the data for DJ-1 and HSA, these observations define a trend toward lower VBR
sensitivity with increasing protein size. This trend could represent a serious limitation for
the practical use of VBRs in point-of-care diagnostics.

Recently, 44 we reported that the sensitivity of VBRs can be enhanced by reducing the
thickness of the PEDOT-PSS bottom layer from 70 nm (x3 nm) to 48 nm (x2 nm). This
modification enhances the signal amplitude for HSA by a factor of 3-5 across the entire
HSA calibration curve. ** However, this strategy for signal enhancement is limited: 48 nm
is the minimum thickness possible for PEDOT-PSS layers prepared by spin-coating in
our laboratory. It should be noted that all of the “normal” VBR data discussed in this
manuscript pertain to the use of VBRs prepared using such ultra-thin, 48 nm (x2 nm),
PEDOT-PSS layers. 4 The extra sensitivity conferred by this modification is not sufficient

to enable the detection of antibodies by VBRs.

A second method for increasing signal amplitudes is described here. It is
demonstrated that the electrochemical processing of the VBR channel can significantly
increase the signal amplitudes produced by VBRs — beyond the enhancement provided
by ultra-thin PEDOT-PSS layers — for both small and large proteins. In this
electrochemical process, the VBR channel is subjected to irreversible electrochemical
oxidation, or “over-oxidation” 1*2-1%6 resulting in an “O?VBR”. Here, the efficacy of over-
oxidation for “amplifying” signals to measure concentrations of DJ-1 and two different IgG
antibodies are reported. 0O2?VBRs enable the detection of one of the antibodies
investigated here at concentrations as low as 40 ng/mL (250 pM), with a dynamic range
for quantitation extending to concentrations an order of magnitude higher. Sensor-to-
sensor reproducibility is not degraded by over-oxidation, and coefficients-of-variation
(CoVs) remain <20% across the entire calibration curve. A mechanism by which over-

oxidation generates larger VBR signals is also proposed.
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3.2.  Experimental Section

3.2.1. Materials and Methods

All materials used were the same as previously reported. 3 Phosphate buffered
saline (PBS, 10x concentrate, Sigma Aldrich). Dilution to 1x PBS yielded a phosphate-
buffered saline solution at pH 7.4 with a sodium chloride concentration of 0.154 M and a
phosphate buffer concentration of 0.01 M. Data for two IgG antibodies are reported: The
monoclonal anti-FLAG M2 antibody produced in mouse was purchased from Sigma
Aldrich and the monoclonal anti-M13 P8 antibody produced in mouse was purchased
from Creative Diagnostics. The concentrations of the as-received antibody solutions were
determined by performing Bradford Assays.

3.2.2. O?VBR fabrication

The fabrication of O?VBRs follows the same procedure used for the fabrication of VBRs
(Figure B.3),** except for the addition of the electrochemical over-oxidation process. In summary,
bare gold electrodes were O plasma cleaned for 10 minutes. Well-mixed PEDOT-PSS containing
~1.5% (v/v) ethylene glycol (EG) was spin-coated onto the electrodes at 2500 rpm for 80 s and
baked at 90°C for 1 h to achieve films with a DC resistance between 260 to 360 Q. A
polymethylmethacrylate cell to contain the sample was glued to the PEDOT-PSS thin film, and
the device was incubated for 30 min in 1x PBS. The PBS was removed, and a solution of 2.5 mM
EDOT, 12.5 mM LiCIO4, and 8 nM phage was introduced to the cell. Two voltametric scans from
+0.2 to +0.8 V (vs a mercurous sulfate reference electrode, MSE) at 20 mV/s electropolymerized
the EDOT, simultaneously entrapping the phage particles in the PEDOT polymer.1t7:118 The over-
oxidation of the VBR channel was accomplished potentiostatically at +0.8 V vs MSE for 100-150
s in aqueous 12.5 mM LiClO4. This process caused an increase in the dc channel resistance,
measured in PBS buffer, from an initial range of 1 - 2 kQ before oxidation, to 12 - 25 kQ after

oxidation.

3.2.3. Impedance Spectroscopy (IS)

VBRs and O?VBRs were washed twice with room temperature 1x PBS, and equilibrated
in PBS for 20 min prior to the acquisition of triplicate IS measurements in 1x PBS. After the
baseline was acquired, the sensor was exposed to an antibody or DJ-1 solution in 1x PBS and
allowed to equilibrate for 20 min prior to the acquisition of triplicate IS data sets. Importantly, VBRs

and O?VBRs were used for the measurement of a single antibody solution or a single DJ-1
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solution. All IS measurements used an applied voltage amplitude of 10 mV. 50 impedance

measurements were acquired between 1 Hz and 4 kHz for each data set.

3.2.4. SEM Experiments
Scanning electron microscopy (SEM) images were obtained using a FEI Magellan 400L
XHR FE-SEM. An accelerative voltage of 2 keV was used for uncoated films and 15 keV for

samples sputter-coated with 3 nm of iridium.

3.2.5. Liquid Tapping AFM Experiments

To obtain the topographical information for VBRs in solution, 50 uL of PBS buffer
was pipetted onto the PEDOT-virus layer surface. All AFM images in a liquid environment
were collected using a MFP-3D (Asylum Research) in liquid AC (tapping) mode in PBS
buffer using DNP-S10 silicon nitride tips (maximum tip radius: 40 nm, Bruker).

3.3. Results and Discussion

3.3.1. O?VBR Fabrication and Characterization

VBRs and O?VBRs share the same device architecture consisting of a two-layer
polymeric channel that is deposited on top of two gold electrodes spaced by 1.5 mm. The
top-most PEDOT polymer layer also contains virus particles that are engineered using
the technique of phage display to recognize and bind a particular protein. The gold
electrodes measure the electrical impedance of the polymeric channel, which increases
when the embedded virus particles bind to their target protein.

A mechanism for signal transduction in the VBR has recently been proposed, 43 .
Briefly, this mechanism is similar to that proposed for chemiresistive gas sensors that
exploit a conductive carbon/insulating polymer composite chemiresistor.***?* |n these
systems, the chemiresistor is permeated by a vapor phase molecule with affinity to the
polymeric component causing swelling of this channel and a decrease in the volume
fraction of the conducting carbon phase, leading to a reduction in the conductivity of the
composite. It has been proposed % that the virus-PEDOT layer of the VBR operates
analogously to these chemiresistors with the conductive PEDOT component of the virus-
PEDOT layer undergoing a decrease in volume fraction upon affinity driven absorption of
target protein molecules by the entrained virus particles and concomitant swelling of the

virus-PEDOT layer. 43 The resulting increase in the electrical impedance of the VBR is
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correlated with the concentration of the target protein over a concentration range
spanning two to four orders of magnitude. 43

The fabrication of a O?VBRs begins with the fabrication of a VBR — just the final
fabrication process step differentiates these two devices. Briefly, starting with patterned
gold electrodes on glass (Figure B.3a), VBRs are prepared in three steps. First, a
PEDOT-PSS layer is deposited by spin-coating and dried (Figure B.3a, step 1). Second,
a poly(methyl methacrylate) or PMMA solution cell with adhesive backing is pressed onto
the PEDOT-PSS layer (Figure B.3a, step 2). Third, this solution cell is used to contain an
aqueous plating solution containing both EDOT and virus particles. From this solution, a
virus-PEDOT composite layer is electrodeposited by potentiodynamic oxidation of the
EDOT monomer (Figure B.3c) for two voltametric scans to a positive limit of +0.80 V vs.
MSE causing the formation of insoluble, cationic PEDOT that precipitates on the PEDOT-
PSS electrode as a film. Negatively charged virus particles present in the plating solution
also deposit with the PEDOT,™ forming a virus-PEDOT composite top layer (Figure B.3a,
step 3). As seen in the photograph of a VBR shown in Figure B.3b, the resulting VBR
‘channel” is blue in color, and transparent. The blue color is characteristic of the PEDOT-
PSS base layer in its oxidized, electronically conductive state.?512

An O?VBR is obtained by the potentiostatic electrochemical over-oxidation of the
VBR channel. This is accomplished by stepping the potential of the channel to +0.80 V in
aqueous LiClO4using external reference and counter electrodes (Figure B.3a, step 4 and
Figure B.3d). The over-oxidation process causes a bleaching of the blue VBR channel
(Figure B.3b), rendering the channel of the O?VBR colorless and transparent, consistent
with strong de-doping of the PEDOT-PSS layer of the channel. 2” Nyquist plots for a VBR
and O?VBRs (Figure B.3e) show a characteristic semicircular response expected for the
VBR. 3 The resistive component of the channel impedance, Zr, is approximately equal
to the low frequency limit of these traces, which increases from 2 kW for the VBR (green),
to 7.5 kW for the O?VBR prepared using a 50 s (red) over-oxidation duration, to 16.3 kW
for the O?VBR prepared using a 100 s duration of over-oxidation (purple). This
impedance increase is also consistent with a loss of mobile polaron and bipolaron charge

carriers from the VBR channel.*?” The O?VBRs prepared for this study employed an over-
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oxidation time of 100-150 s oxidation durations within this range produced identical results

within our experimental error.
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Figure 3.2 - Plan-view SEM image of a O?VBR channel (a). Darker regions of this image denote
regions of high M13 virus density within the virus-PEDOT. Light regions have lower M13
densities. Crystalline PEDOT asperities or “stalagmites” are unrelated to the presence or
absence of virus particles. Plan-view images of VBR and O?VBR are indistinguishable. Cross-
sectional view of a VBR (b) and O2?VBR (c) showing thinning of the virus-PEDOT layer from =100
nm to =60 nm associated with over-oxidation.

The application of chemical and electrochemical over-oxidation to PEDOT for
purposes of modifying the electrical conductivity of PEDOT films for applications
unrelated to the modification of biosensors has been previously reported.’?% Qver-
oxidation is simply the irreversible oxidation of the PEDOT culminating in a sharp
reduction in its conductivity. The mechanism of the overoxidation process is proposed*#
to involve a multi-step oxidation starting with conversion of the thiophene ring sulfur to a

sulfonyl (-S=0), and the elimination of -S=0O from the polymer backbone as sulfate,
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leaving hydroxyl groups in the backbone at both positions adjacent to where the sulfur
was formerly located in the thiophene.'®

Over-oxidation alters the topography and thickness of the virus-PEDOT layer
exposed at the surface of the VBR channel. Plan-view SEM images of VBRs and O?VBRs
(shown in Figure 3.2a) are indistinguishable, however. In these images, M13 virus
particles and aggregates of particles appear black because they are electrical insulators
and PEDOT, a conductor, appears gray. Regions of high M13 density and low M13
density are thus readily identified. Cross-sectional SEM images (Figure 3.2b,c) can be
used to directly measure the thickness of the virus-PEDOT and PEDOT-PSS layers of
the channel. These images show that the PEDOT-PSS bottom layer is consistently 40 to
55 nm in thickness and unaffected by over-oxidation. The virus-PEDOT top layer,
however, is reduced in thickness from =100 nm in VBRs to =60 nm in O?VBRs. In
principle, this reduction in thickness of the virus-PEDOT top layer should increase its
resistance, contributing to the observed increase in the O?VBR’s channel (Figure B.3e).

The topography of the virus-PEDOT top-layer can be inspected using atomic force
microscopy (AFM, Figure 3.3). These AFM images show a dramatic reduction in surface
roughness for O?VBRs relative to VBRs. The filamentous texture seen in AFM images of
a VBR is caused by M13 virus particles projecting from the virus-PEDOT surface (Figure
3.3 a,c). This texture is not observed for O?VBR channels (Figure 3.3 b,d), and the
surface roughness of the virus-PEDOT layer is reduced, shaving =30 nm from the surface.
This loss in layer thickness is approximately equal to the thickness reduction of the virus-
PEDOT layer seen for O?VBRs compared with VBRs (Figure 3.2b,c). But it should be
noted that, as clearly seen in SEM plan view images (Figure 3.2a), over-oxidation does
not remove virus particles from the interior of the virus-PEDOT layer; they are selectively
removed from the surface. As will be clear from the data presented below, this apparent
loss of virus particles does not impair the sensitivity of the O?VBR. This surprising result
suggests that the carpet of virus particles anchored to the PEDOT layer, but not

embedded within it, plays no roll in VBR signal transduction.
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Figure 3.3 - AFM images of VBR (a,b) and O?VBR (c,d) surfaces.

Two other analytical methods — Raman microprobe spectroscopy (Figure B.4) and
X-ray photoelectron spectroscopy (XPS, Figures B.5 and B.6) — have been applied to the
characterization of the over-oxidation process. While subtle differences between VBRs
and O?VBR are apparent from these data, the differences do not provide a chemical
justification for the enhancement in signal amplitudes for Abs reported here. Instead, the
source of these enhanced signal amplitudes appears to derive from the altered electrical

properties of the O?VBR’s channel.

3.3.2. VBR and O?VBR Measurements of Antibodies

The response of VBRs and O?VBR were compared for two 1gG antibodies (Abs):
anti-M13, an Ab that recognizes and binds the P8 coat protein of the M13 virus, and anti-
FLAG, an Ab that binds to FLAG epitopes displayed as C-terminal fusions to some of the
P8 coat proteins on the M13 virus. Two different M13 virus particles are used as receptors
for the detection of these Abs (Figure B.1). The first of these, KO7, is a wild-type M13
virus with no modifications to its P8 coat peptides (Figure B.1a). This virus presents 2700
copies of P8 on its surface that can be recognized by the anti-M13 antibody. The second
virus, M13 FLAG, has a FLAG-tag (with the aa sequence DYKDDDDK, where D =
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aspartic acid, Y = tyrosine, K = lysine) appended to a subset of the P8 proteins. (Figure
B.1b). VBRs containing the FLAG-tag bind to anti-FLAG Abs. In principle, M13 KO7
possesses 2700 binding sites for anti-M13 whereas M13-FLAG has a smaller number of
binding sites, typically <10% of the total number of P8 proteins, although the precise
number is unknown.

An enzyme-linked immunosorbent assay (ELISA) can assess the affinity of anti-
M13 and anti-FLAG for the two viruses (Figure B.2 a,b). Plots of absorbance for the
indicator substrate 3,3',5,5'-tetramethylbenzidine (TNB) as a function of Ab concentration,
representing the ELISA signal, show the sigmoidal response expected for Ab binding.
The signal at half of the saturation value (ECso) provides an estimate of the magnitude of
the Ab affinity interaction with its virus. The measured values of ECso of 7.3 ng/mL (anti-
M13) and 7.6 ng/mL (anti-FLAG) are typical of affinities expected for binding by

commercial Abs (Figure B.2 a,b).

VBRs prepared with either of these two virus receptors, however, do not sense
their complimentary antibodies, even at Ab concentrations well above ECso. Nyquist plots
for two anti-M13 and two anti-FLAG concentrations show no measurable signal, even for
Ab concentrations as high as 328 ng/mL and 556 ng/mL, respectively (Figure B.2 c-f).
The insensitivity of VBRs to Abs is especially surprising because the limit-of-detection for

DJ-1, a much smaller, 22 kDa protein, is just 0.20 ng/mL or 10 pM. 43

3.3.3. Remediating VBR Ab Insensitivity Using Over-Oxidation

A remedy for the Ab insensitivity seen for VBRSs in Figure B.2 can be devised by
considering the equivalent circuit responsible for the VBR response (Figure 3.4d). *3 This
equivalent circuit has just five elements: two capacitors that provide coupling between the
AC voltage signal applied to the channel and the analyte solution, and three resistors,
representing the resistances of the analyte solution (Rsoin), the top virus-PEDOT
composite layer (Rpebot-virus) and the bottom PEDOT-PSS layer (Rrepot-pss). The two
capacitors, C, are arranged electrically in series with the electrolyte solution and can be

further simplified to a single capacitor, Ciotal, With a value given by Ciotal = C/2.
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The semicircular Nyquist response produced by VBRs (e.g., Figure B.2 c-f)
results from the parallel arrangement of Ciotat and Rver, the effective low-frequency

resistance of the two-layer polymer channel: 43
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Figure 3.4 - Calculations showing the influence of increased Rpepot.pss (as indicated) on the
apparent signal, DRygr. a-c) Calculated Nyquist plots for VBRs as a function of the PEDOT-PSS
layer resistance, Rpepot-pss. In the background traces (black), Ryius-pepor = 1000 Q, Ciotar = 10 pF,
Rsom = 100 Q. In red traces, 500 Q of “signal” are added to Rius-repot for a total of 1500 Q. The
values of other circuit elements remain unchanged. d). Schematic diagram illustrating the

equivalent circuit of the VBR, e) Plot of the apparent signal (DRver, Q) versus Rpepor-pss.

At the low frequency limit (f < 1 Hz), the impedance of Cital increases to Zim = (21fCrotal)”

1, exceeding the value of Rver. In this low f limit, the coupling of the AC signal into the

solution is strongly attenuated and virtually all of the signal is distributed across the current

divider Rrepot-pss and Rvius-PEDOT having an effective resistance, Rvsr. When Rpepot-pss
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and Rvinus-pEDOT are equal in size, Eq. [1] predicts that they contribute equally to Rvar, but
just the virus-PEDOT layer generates signal related to the presence of a target protein in
the solution. This means that just Ruvius-pEDOT , NOt RPEDOT-PSS, IS iNCreased by target
binding. Unfortunately, Rvius-pEDOT Cannot be independently measured because it is
connected in parallel with Rrepot-pss. Instead, the VBR signal, given by: ARver = Rver-
target - RvBRr-cntrl., representing the difference in Rvar in the presence and absence of target
protein, is attenuated by the shunting of some current through the PEDOT-PSS bottom
layer. To increase ARveRr, Rrepot-pss must be increased relative to Rvirus-penOT. Of Course,
complete removal of the PEDOT-PSS bottom layer would provide an even more effective
solution to this problem, however this layer is required to serve as an electrode for the
deposition of the virus-PEDOT composite top layer (Figure B.3c).

Since the response of a VBR can be calculated, the influence of changes in
Rrepor-pss for constant values of a 500 Q test signal, and Rvirus-pepor = 1000 Q + 500 Q
signal = 1500 Q can be assessed (Figure 3.4). When Rpepot-pss = 1000 Q, the apparent
signal, ARver is just 100 Q (Figure 3.4a). For Reepot-pss = 2500 Q, ARvgr increases to
223 Q (Figure 3.4b) and Rrepot-pss = 5000 Q produces ARver = 321 Q (Figure 3.4c).
Note that both the control trace (black) and the target trace (red) are influenced by Rpeport-
pss. As Rrpeport-pssincreases further (Figure 3.4e), ARvsr asymptotically approaches the
true value of the signal, 500 Q. Our hypothesis is that a disproportionate increase in
RpepoT-pss Versus Ruirus-pEDOT IS also occurring during the over-oxidation process to
produce the O?VBR. Unfortunately, direct confirmation of this mechanism, involving the
measurement of resistance for each of these two layers, is not possible because of the
nanometer-scale dimensions of both of these layers.

3.3.4. Testing an O?VBR for the Detection of DJ-1

What effect does the over-oxidation process have on the detection of DJ-1, a
relatively small protein? DJ-1 can be detected at concentrations down to a LODpy-1 of 10
pM using a VBR. %3 Nyquist plots for three DJ-1 concentrations (Figure 3.5a,b,c) compare
three VBRs and three O?VBRs. At concentrations of 1.0, 30, and 100 nM, VBRs generate
DRver signal of 320, 420, and 540 Q, respectively. For O?VBRs these signals are
increased to 926 Q, 2.53 kQ, and 4.10 kQ - corresponding to factors of 2.9x to 7.6x relative
to the VBRs. For [DJ-1] = 100 pM (Nyquist not shown), ARver increases from 122 Q
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(VBR) to 785 Q (O?VBR), an increase by a factor of 6.4x. The increase in sensitivity
provided by the O2VBR for DJ-1, can be seen in the bar graph of Figure 3.5g.
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Figure 3.5 - VBR (a-c) and O?VBR (d-f) Nyquist diagrams showing responses to DJ-1 at the
specified concentrations. g). Bar graph of VBR and O?VBR signal amplitudes as a function of the
DJ-1 concentration. A 3- to 4-fold increase in signal amplitude is observed for the O2VBR across
the DJ-1 concentration range from 1 nM to 100 nM.

It should be noted that the Nyquist plots produced by O?VBRs for DJ-1 exhibit a
“tail” at low frequencies, deviating from the precise semi-circular traces seen in Figure
3.8a-c, and previously. These deviations correspond to higher values of Zm and Zre at

frequencies, f < 10 Hz. These deviations are more pronounced as the concentrations of
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DJ-1 increase and are nearly absent for control curves acquired in the absence of DJ-1
(Figure 3.5d-e). This tail is a feature of O?VBRs generally. For the purposes of applying
the equivalent circuit of Figure 3.4d and measuring DRvgr, the impedance data set was
truncated at 8 Hz prior to curve fitting. This procedure was used to estimate the DRver
signal amplitudes quoted above, and also for Ab data discussed below. The mechanistic

origin of this deviation is interesting and remains under investigation.
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Figure 3.6 - Nyquist diagrams showing responses of four O?VBRs to two antibodies at the
specified concentrations. (a-d) Impedance data sets were truncated at 5 Hz. e). Signhal-to-noise
(S/N) ratios for the real (Zre) and imaginary (Zim) components of the impedance calculated for the
detection of anti-FLAG at the two concentrations. On average, somewhat higher S/N ratios are
obtained at low frequency.

3.3.5. Detecting Antibodies using O?VBRs

As already noted in Figure B.2, in contrast to DJ-1, Abs are not detected by VBRs.
For this reason, the Nyquist plots of Figure B.2a-d showing raw impedance data for the
detection of two antibodies using four O?VBRs, are striking. DRver signal amplitudes for
these two Abs range from 1 - 8 kQ range in these examples. The lowest Ab concentration

of 81 ng/mL corresponds to 0.54 nM.
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The signal-to-noise of the O?VBR measurement (Figure 3.6e,f) is optimized in the

Zre channel at low frequency ranging from 25 — 60 (Figure 3.6e, top). At high frequency,

the ordering of concentrations is actually inverted (Figure 3.6e, bottom). The signal-to-

noise of Zim is somewhat lower than Zr, ranging from 7 to 40 for anti-FLAG at 283 and

566 ng/mL.
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Figure 3.7 - Calibration plots for the detection by O?VBRs of anti-FLAG (a,b) and anti-M13 (c,d).
Each bar shown in (a) and (c) correspond to a measurement by a single O2VBR. The coefficient-
of-variation is shown for each concentration. Maximum signal amplitudes for these two antibodies
of = 8 kQ are similar.

Bar graphs, showing the signal produced by each O?VBR and the sensor-to-

sensor reproducibility (Figure 3.7a,c) reveal that low coefficient-of-variation values in the

range from 0.2% (highest Ab concentrations) to 20% (lowest concentrations) are

obtained. This level of sensor-to-sensor reproducibility is unusual and testifies to the

reproducibility of the over-oxidation process.
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Figure 3.8 - Control experiments for the detection by O?VBRs of anti-M13 and anti-FLAG. All
experiments were performed using 100 nM of target (anti-DL-1, anti-GFP, anti-FLAG, and anti-
M13) in PBS buffer.

Calibration curves for both Abs show classical sigmoidal behavior that conforms
to the Hill Equation (Figure 3.7b,d):*3!

ARyBR 1im—ARyBR,0
ARypr = ARypryo + : Ky P [2]
1+([D]—1])

Fitting the calibration data using Eq [2], with fitting parameters h and Ko provides values
of h of 2.2 £ 0.5 (anti-M13) and 6.0 £ 0.6 (anti-FLAG). Values of h greater than 1.0 are
indicative of strong positive cooperativity, meaning that the microscopic dissociation
constant, Kp, is decreased (the affinity interaction is increased) as the fraction of binding
sites occupied by the target protein increases.®” This has the effect of compressing the
binding curve resulting in a narrow range of Ab concentrations over which the O?VBR is
responsive. This resulting dynamic range is 200 to 600 ng/mL for anti-FLAG (h = 6.0)
and 50 to 500 ng/mL for anti-M13 (h = 2.2). Kp values of 220 (x 20) ng/mL (anti-M13)
and 402 (= 7) ng/mL (anti-FLAG) are observed for these two Abs.

Finally, the issue of selectivity of the O?VBR response is addressed by the control
experiments summarized in Figure 3.8. Shown in these controls are no phage controls,
in which no phage is present in the electrodeposited PEDOT top layer. Two other
antibodies, anti-DL-1 (DL-1 is a phage displaying peptide epitopes for DJ-1) and anti-GFP

(green fluorescent protein) were also assessed. And O?VBRs containing M13 phage
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were assess as controls for the detection of anti-FLAG (Figure 3.8). The level of

selectivity seen here is similar to that reported for VBRSs in our prior studies.

3.4. Summary

The sensitivity of Virus BioResistors (VBRS) is dramatically enhanced by applying a
simple electrochemical process in which the conductivity of the polymeric channel is
reduced by a potentiostatic over-oxidation process requiring just 3 to 5 min. The resulting
biosensors are termed O?VBRs. For a smaller protein, DJ-1 (22 kDa) at 100 nM, the
signal amplitude generated by O?VBRs increases by a factor of 4 to 7 kQ, relative to
unmodified VBRs. For much larger IgG antibodies (150 kDa) that are undetectable by
VBRs at 100 nM, a signal of 8 kQ is obtained using O?VBRs at 100 nM.

The data coupled with our calculations implicate a mechanism for the increased
sensitivity of O?VBRs that involves the strong and disproportionate increase in resistance
of the PEDOT-PSS base layer of the channel relative to the virus-PEDOT sensing layer.
However, this study does not rule out the influence on sensitivity of significant
morphological changes caused by the oxidation process that may, for example,
increasing the porosity or mean pore diameter of the virus-PEDOT layer. Pronounced
changes to the topography of the virus-PEDOT layer caused by over-oxidation are
observed in SEM and AFM images, but we are not able to determine their influence, if

any, on the ability of large proteins to permeate the virus-PEDOT layer.
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Chapter 4. First Steps Towards the
Nano-VBR: A Nanojunction pH
Sensor within a Nanowire

This chapter is adapted from a research article “A Nanojunction pH Sensor within a
Nanowire”.
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4.1. Introduction

The measurement of pH is fundamental to understanding and controlling a diverse range
of chemical and biological phenomena occurring in aqueous solutions. The glass
membrane pH electrode, dating to the early 1900’s**? permits the pH of a solution to be
correlated with a trans-membrane DC potential that is measurable in seconds under
optimal conditions. Miniaturization of the glass pH electrode to the 60-80 um scale for
measurements of single cells was demonstrated in 1964 using glass micropipettes.'s
These micropipette pH sensors are macroscopic in length, but microscopic in diameter
with modern versions in the 1-5 um diameter range.’®* Nanometer-scale pH probes
capable of still higher spatial resolution require other architectures and transduction
mechanisms.

Lieber and coworkers!® fabricated the first single nanowire-based pH sensor in
2001. These authors employed electron-beam lithography to fabricate a 10 — 20 nm x 2
— 4 um silicon nanowire field effect transistor (SINW FET), that was functionalized with
3-aminopropyltriethoxysilane (APTES). This sensor transduced pH using dc
conductance. This is still the only prior example of a single nanowire-based pH sensor,
as far as we are aware.

Several optical pH sensors with nanometer-scale dimensions have been described
(Table C.1). Fujisaku et al. *** used chemically-modified diamond nanocrystals containing
nitrogen vacancies to optically transduce pH. In their study, the relaxation of electron
spins of the nitrogen vacancies was correlated with the local pH environment.’** Shen et
al. ¥ demonstrated pH sensing using gold nanoclusters modified with L-/D-cysteine by
measuring the phosphorescence after the self-assembly of microstructures from the gold
nanoclusters.x’

Electronically conductive polymer nanojunction sensors were pioneered by
Nongjian Tao and coworkers.®%#-14t Using an array of focused ion beam (FIB)-patterned
metal gaps as electrical contacts, electropolymerization was used to form nanojunctions
of poly(ethylene-dioxythiophene) (PEDOT), poly(aniline)(PANI), and other conductive
polymers, doped with chemically responsive molecules. Vapor sensors for detecting

trinitrotoluene (TNT) were demonstrated.”* Solution phase sensors for detecting
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glucose'*?, and redox active analytes such as dopamine and hydroquinone 4% were also
described.

PANI can also function as a resistance-based pH transducer. In its protonated,
emeraldine salt state, PANI has high electrical conductivity (> 102 S/cm).*¢ Deprotonation
of the salt to form the emeraldine base reduces the conductivity to 10-® S/cm — a difference
of ten orders of magnitude (Scheme C.1).* Kaner and coworkers***“ employed PANI
nanofibers for chemical sensing. This work demonstrated that nanostructured PANI could
produce larger and more rapid resistance responses when exposed to acidic or basic
vapors including as ammonia and HCI, compared to PANI films. In these experiments,
the sensing element consisted of a mat of PANI nanofibers, rather than single
nanofibers.*#45 Subsequently, Choi and coworkers'* electropolymerized PANI with the
same nanofiber mat morphology in lithographically fabricated 5 pum X 3 mm microgaps
for solution phase pH measurements.

To our knowledge no attempt has been made to create a single polymer
nanojunction sensor for any analyte. In fact, few examples exist of single polymer
nanowire sensors for any analyte in the literature.**"# These have been achieved by drop-
casting a nanowire slurry between many gold microelectrodes and using AC
dielectrophoretic alignment to bridge the electrodes. Extra nanowires, beyond the one
required, are then physically removed using a micro-probe.*#¢ Scanned tip
electrospinning has also been employed to create a single PANI nanofibers between two
gold electrodes* but such nanofibers have not been applied to measurements in liquids.
A third approach has involved chemical polymerization of aniline within trenches on
surfaces formed by electron beam lithography.®® The dc resistance of single PANI
nanowires formed using this process was measured as it was exposed to solutions with
different pH values. However, pH values above 4.5 were not accessible because of the
excessive magnitude of the resistance in these experiments.

Here, it is demonstrated that PANI nanojunctions embedded within single gold
nanowires can be reproducibly fabricated. These single nanojunctions (henceforth, NJ-
pH sensors) transduce pH and generate an impedance signal that is measurable at the
two nanowire contacts, producing a pH sensing “node” that is nanoscopic in all three
dimensions. Moreover, impedance allows for electrical signals to be measured far past
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the metal-insulator transition of PANI, at its pKa = 4.0. NJ-pH sensors constitute a rapid-
responding (30 s), reversible, reusable, and robust pH measuring system with a wide pH

dynamic range of 2.0 - 9.0.

4.2. Experimental Section
4.2.1. Materials

All chemicals were used as purchased without further purification. Nickel pellets
(99.995%) and Au pellets, (99.999%) were purchased from the Kurt J. Lesker Company.
Clean Earth Cyanide Free Plating Solution 24ct Yellow was purchased from Stuller.com.
Aniline, ACS reagent grade (299.5%) was purchased from Sigma Aldrich. Sodium
phosphate (monobasic, anhydrous, enzyme grade >99%), sodium phosphate dibasic
(heptahydrate, 99.4%), and sodium chloride (299.0%), nitric acid (certified ACS Plus),
concentrated sulfuric acid (certified ACS Plus), Ricca chemical Synthetic Urine Solution,
and concentrated hydrochloric acid (certified ACS Plus) were purchased from Fisher
Scientific. Lithium perchlorate (>99%) was purchased from Arcos Organics. Microposit
S1808 positive photoresist and Microposit MF-319 developer were purchased from
Kayaku Advanced Materials. Phosphate-buffered saline (10x concentrate,
BioPerformance Certified) was purchased from Sigma Aldrich.
4.2.2. Single Au Nanowire Fabrication

The electrodeposition of single gold nanowires was accomplished using the
lithographically patterned nanowire electrodeposition (LPNE) process, as previously
described (Figure C.1 steps 1 — 5).%%¢
4.2.3. Electromigration

The automated, feedback-controlled electromigration process used to prepare
nanogaps in single gold nanowires has been described elsewhere and is shown step 10
(Figure C.1).1%
4.2.4. Poly(aniline) Electropolymerization

The electropolymerization of PANI onto the gold nanowire containing a nanogap
was performed in aqueous 0.1 M PANI, 0.5 M H2SO4 using a three-electrode cell in which
the fractured nanowire, contacted on both ends, served as the working electrode in
conjunction with a mercurous sulfate reference electrode (MSE) and a platinum counter

electrode (Figure C.1, step 11). Cyclic voltammetry was used to initiate the
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electropolymerize PANI using five consecutive scans from -0.1 V to +0.6 V vs. MSE at 50
mV/s. Continued growth of the PANI layer was then carried out for 10-20 growth cycles
by sweeping from -0.1 to +0.45 V vs. MSE at 50 mV/s until the nanogap was filled with
PANI, as indicated by a stepwise reduction in the low frequency wire impedance, measure
in-situ. This two-step process involving decreasing the positive potential limit after the
nucleation scans enabled the electropolymerization of a highly uniform PANI layer while
avoiding over-oxidation of the polymer.’*® A PalmSens3 potentiostat running v2.8
software was used to perform electropolymerization.
4.2.5. PBS Buffers for pH Sensing

The automated, feedback-controlled electromigration process used to prepare
nanogaps in single gold nanowires has been described elsewhere and is shown step 10
(Figure C.1).%%2
4.2.6. Electrochemical Impedance Spectroscopy

EIS was performed using a Palmsens3 potentiostat running v2.8 software, a
Princeton Applied Research 2263 potentiostat, or a Biologic potentiostat running EC-lab
software. Measurements were acquired using a 10 mV AC amplitude at the rest potential
of the nanowire. For temporally resolved pH measurements, a frequency of 5 Hz was
used, and the impedance was sampled at two second intervals.
4.2.7. Salt Correction

Solutions with specified pH values and varying NaCl concentrations were prepared
with a fixed, total phosphate concentration of 50 mM. This corresponded to the lowest
salt concentration investigated in this study. Solutions with higher salt concentrations
were obtained by adding NaCl to this phosphate buffer. pH was confirmed using a
standard pH electrode measurement.
4.2.8. Scanning Electron Microscopy

Scanning electron microscopy (SEM) images were acquired using a FEI Magellan
400L XHR FE-SEM operating at an accelerating voltage of 10 kV. All samples were

coated with 5 nm of iridium.
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4.3. Results and Discussion

4.3.1. Fabrication of Nanowire Nanojunction pH Sensors

The fabrication of a NJ-pH sensor involves four steps (Figure 4.1). First a gold
nanowire is prepared using lithographically patterned nanowire electrodeposition
(LPNE, Figure C.1).15:1%4 Second, gold contacts are applied (Figure 4.1a) and insulated
by a photoresist overlayer (Figure 4.1b). A nanogap is then formed in the gold nanowire
using feedback-controlled electromigration (Figure 4.1c). Finally, a nanojunction is
formed by filling this nanogap with PANI by electropolymerization (Figure 4.1d).
Although PANI coats the entire gold nanowire while forming the nanojunction, control
experiments demonstrate that just the polymer within the nanojunction participates in
pH transduction because only at the nanojunction is the through-wire impedance
modulated by pH (Figures C.2 and C.3).

b.

Au nanowire Au photoresist

d

pH=2.0

PANI
, emeraldine salt q

glass
nanogap PANI nanojunction
pH=8.0
f
PANI ; _
, emera’l)é\ir;l\L base Q
nanowire  ©
nanojunction ,
pH sensor

Figure 4.1 - Fabrication of a NJ-pH sensor. a). A gold nanowire (dimensions: 50 um (1), 100 - 200
nm (w) and 40 nm (h)) is prepared on a glass surface using lithographically patterned nanowire
electrodeposition (LPNE). Gold electrical contacts to the nanowire are deposited by evaporation.
b). A photoresist layer insulates the gold contacts. c). Feedback-controlled electromigration is
used to produce a single nanogap (50 + 30 nm) within the nanowire, d). Filling the nanogap with
PANI using electropolymerization produces a NJ-pH sensor. €). The imaginary component of the
electrical impedance, Zin is correlated with pH across the range from 2.0 - 9.0 with a response
time of 30 s.

The formation of the nanogap in Step 3 is accomplished using feedback-controlled

electromigration (Figure 4.2a)°21%5-161 Thjs involves increasing the voltage applied to a gold
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nanowire, Eapp, from an initial value of 10 mV at 5 mV/s, while measuring the resistance of the
nanowire. A reference resistance, R, is measured at the beginning of the experiment, and
when the resistance of the nanowire changes by + 1.5% of Ry, the Eapp is decreased by 50 mV
and a new Ryef is measured. 50 mV Eapp reductions are seen as glitches in the blue (Resistance)
and red (Eapp) traces (Figure 4.2a). The nanowire resistance decreases as the electromigration
process proceeds because grain growth occurs in parallel with the formation of constrictions by
electromigration and acts in opposition to the increase in resistance caused by these
constrictions. A sudden increase in resistance at 600 s in Figure 4.2a signals the formation of a

nanogap, terminating the electromigration program.
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Figure 4.2 - Fabricating a NJ-pH sensor. a). Plot of the resistance of a gold nanowire (blue) and
the applied potential (red) as a function of time during feedback-controlled electromigration to
form a nanogap. Breaks in both curves indicate points at which the applied voltage was reduced
by 50 mV. b). Cyclic voltammograms (50 mV/s) for a bare gold nanowire with a nanogap in an
aqueous 0.50 M H2SO. solution containing 0.1 M aniline. Five initial nucleation scans to a +0.60
V vs. MSE positive limit prepare PANI nuclei on gold surfaces. A second series of 10-20 scans
to +0.45 V grow a continuous PANI layer. These growth scans are terminated when electrical
continuity across the nanojunction is detected. c¢). SEM images of a PANI-coated Au nanowire
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containing a hanogap, showing, at higher magnification (bottom) the PANI-coated gold nanowire
and the PANI nanojunction.

The anodic electropolymerization of aniline to form PANI on the nanowire and in
the nanogap was accomplished using cyclic voltammetry (Figure 4.2b). From an initial
potential of —0.10 V vs. MSE, the potential was initially scanned at a rate of 50 mV/s to
+0.60 V on five consecutive cycles to form PANI nuclei on all nanowire surfaces (Figure
4.2b). Then, an additional 20 growth scans to a positive limit of +0.45 V were performed
to grow a conformal PANI layer over the entire nanowire, bridging the nanogap (Figure
4.2b). PANI growth was terminated when the through-wire resistance of the nanowire
and nanogap was reduced to the kQ range, indicating PANI had formed a nanojunction

by filling the gap and closing the circuit.

This fabrication process does not afford the ability to produce identical sensors
with identical performance. While the reproducibility of the LPNE fabrication process for
preparing the gold nanowire is excellent, the precision of the wire thickness and width
dimensions are still subject to a variability of =10% and 20-30%, respectively. The
variability of the length of the nanogap formed by electromigration is >50%, leading to
different required thicknesses of PANI form the nanojunction and thus slightly different
impedimetric properties between samples. Like the familiar glass electrode pH meter,

each NJ-pH sensor requires calibration prior to use.

Scanning electron microscopy (SEM) images of PANI-coated gold nanowires
(Figure 4.2c) demonstrate that the brighter gold nanowire core can be clearly
distinguished from the PANI coating. A high degree of uniformity for the PANI coating is
apparent from such SEM images. However, it should be appreciated that the
dehydration of the PANI during evacuation of the SEM prior to imaging likely causes
shrinkage of the PANI layer, and a reduction in its thickness as the polymer is
dehydrated. Additionally, PANI nanoparticles can be seen around the nanowire
because of the precipitation of the polymer near the nanowire during electro-
polymerization. We do not expect these particles are believed to influence the
measurement since the gold nanowire is much more conductive than PANI, thus only
the PANI in the region where the gold nanowire is discontinuous will modulate the

impedance.
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4.3.2. Signal Transduction

Measurement of the electrical impedance has not been exploited to transduce
nanowire sensors for any purpose, to our knowledge. In this application, impedance-
based transduction enables higher signal-to-noise and confers the ability to correct the
measured pH for the influence of salt in the test solution, as described below. To
understand the impedance response of the NJ-pH sensor, it is instructive to compare
the three device architectures shown in Figure 4.3: A solid gold nanowire (Figure 4.3a),
a gold nanowire containing a nanogap (Figure 4.3b), and the nanowire nanojunction
corresponding to a gold nanowire containing a hanogap coated with PANI (Figure 4.3c).
Shown in Figure 4.3 are experimental Nyquist plots of the impedance response for each
circuit (red data), and the best fit corresponding to the equivalent circuit shown in Figure
4.3d,e and f respectively (blue data). The equivalent circuits for these three devices
(Figure 4.3d-f) are constructed using just four circuit elements: The solution resistance
(Rsoin), the through-wire resistance of the gold nanowire (Rwire), & capacitor that
accounts for the double-layer capacitance of the nanowire-solution interface (Cadi-wire),
and in the case of the NJ-pH only, a resistor representing the PANI nanojunction
(Rrani).
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Figure 4.3 - Impedance signatures for three types of nanowires. a-c). SEM images of three types
nanowires, as follows: a) a solid gold nanowire with dimensions 120 nm (w) and 40 nm (h), b) a
solid gold nanowire containing a nanogap, and (c) a solid gold nanowire containing a PANI
nanojunction. d-f). The equivalent circuit corresponding to each of these three nanowires (top),
together with their characteristic Nyquist plots acquired in agueous pH = 3.0 (Zim versus Z. as a
function of frequency, as indicated, at bottom). In (d) and (f), semicircular Nyquist plots are
produced by parallel resistors and capacitors, but impedance values are shifted by a factor of ten
in these two data sets. In (e), the nanogap eliminates the through-wire resistor, and transforms
the Nyquist plot into a near-vertical trace, approximating a series RC circuit. All Nyquist plots
were acquired in aqueous pH = 3.0, phosphate buffer.

o
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Nyquist plots (Zim versus Zre) as a function of frequency, f, show two limiting
behaviors for these three devices: A semicircular plot, when C and R elements are
electrically connected in parallel (Figure 4.3d,f), and a near-vertical plot, for a series RC
circuit (Figure 4.3e). The values of the three circuit elements can be extracted by
simulation, and these are indicated in each of the three Nyquist plots. For a gold
nanowire with dimensions seen in Figure 4.3a the measured Ruwire = 6.8 kQ. This Ruire
value coincides with the intercept of the semicircle with the Zre axis at low frequency, as
indicated (Figure 4.3d). The value of Zim = (211fC)* is small relative to this 6.8 kQ
observed for this circuit indicating that because the high impedance of the capacitors at

low frequencies “disconnects” Rsoin from the circuit. At a high frequency of =300 kHz,
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the capacitors have negligible impedance, and a second intercept with the Zre axis is
observed (Figure 4.3d), corresponding to the parallel combination of Rsoin and Ruire:
Rparallel = (Rwire? + Rsoin™!). Altering the salt concentration and extracting Rsoin and Ruire
from impedance data (Figure C.4) validates the equivalent circuit, showing Rsoin
decreases with increased salt concentration, while Rwire remains unchanged.
Eliminating the Ruwire resistor by forming a nanogap produces the characteristic
vertical trace of a series RC circuit (Figure 4.3e). The intercept of this line with the Zre
axis corresponds to Rsoin. We use a constant phase element (Qc)# in place of a
capacitor to account for the slope of this trace likely due to the nanoscale heterogeneity

in the surface of the nanowire, which results in non-uniform capacitance6:

1
Zy=——"—
Q™ Qo(jemf)n

1)
Where n is the constant phase (-90° X n), with 0 <n < 1. The value of n in the Nyquist
plot of Figure 4.3e is 0.91. Qo is the capacitance corresponding to n = 1.0.8¢ This
equivalent circuit was validated (Figure C.5) by tracking impedance changes Rson and
Qui,wire With salt concentration.

A semicircular Nyquist plot is recovered again when the nanowire with a nanogap
is coated with conductive PANI forming a PANI nanojunction and restoring Rwire (nOW
called Rpani). The Nyquist plot for the nanojunction pH sensor shown in Figure 4.3f was
acquired in pH = 3.0 buffer. At this pH, the PANI layer is highly conductive, and the plot
resembles that of the solid gold nanowire (Figure 4.3d) except that Rson (6.9 kQ) and
Reani (80.3 kQ) are higher, where Rpani should be compared to Rwire. This is a clear
indication that, relative to a solid gold nanowire, the low-frequency impedance of the
PANI nanojunction is an order of magnitude higher and dominates the through-wire
impedance measured at low frequency. Thus, changes in Rpani can be assumed to be
responsive to the local pH at the PANI nanojunction. Finally, the measured C increases
by roughly two orders of magnitude, likely because of the pseudo-capacitance of the
PANI, an electroactive polymer. This equivalent circuit highlights the benefit of using
impedance as opposed to measuring a DC resistance, as the resistance of the

nanojunction at low frequency is decoupled from the resistance of the solution at high
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frequency. The difference in the measured Rsoin Values between the three types of
nanowires and circuits is likely due to the imperfect surface capacitance at each step in
the process. The semicircular Nyquist plot in Figure 4.3f representing the PANI NJ is
much more depressed and non-ideal at high frequency compared to the solid gold
nanowire Nyquist plot in Figure 3d. This ultimately diminishes the ability to extract an
accurate Rsoin from the best fit equivalent circuit. However, as will be discussed in a
future section, only the impedance at one high frequency is needed to predict Rsom and

thus the salt concentration.

4.3.3. Randomized pH Sensing: Properties and Performance of the NJ-pH Sensor
Nyquist plots for pH values from 1.0 — 9.0 (Figure 4.4a,b) show that at low pH
values (< 4.0), semicircular Nyquist plots resembling that presented in Figure 4.3f are
observed because the PANI (pKa = 4) within the nanojunction is conductive in its
protonated state. However, the diameter of the semicircle increases sharply as pH
increases over this range, from 100 kQ (pH = 1.0) to 1.3 MQ (pH = 4.0) (Figure 4.4b).
This indicates an increase in resistance of Reani in Figure 4.4f, as expected. At still higher
pH values =5.0, the semicircle disappears, signaling the loss of through-nanojunction
conduction. In this pH range, Nyquist plots resemble that of the “open” nanogap as seen
in Figure 4.3e. Low frequency impedance values gradually increase over this pH range
(Figure 4.4a) as protonated PANI is neutralized. Circuit values have been extracted from

these Nyquist plots (Figure C.6, Table C.2).
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Figure 4.4 - Randomized pH sensing with a NJ-pH sensor. a,b). Nyquist plots for pH values of
1.0 - 9.0. At pH = 4.0, a semi-circular trace is observed, consistent with the circuit shown in
Figure 4.3f. AtpH = 5.0, a near-vertical Nyquist plot is observed, as seen for Figure 4.3e, because
the PANI has very low electronic conductivity in this pH range. c,d). Plots of log [Ze] and l0g [Zin]
versus frequency. e). Plot of log [Zim] at 0.5 Hz versus time for 16 exposures of the sensor to
solutions having pH values ranging from 2.0 — 9.0. Between exposures, the sensor was
equilibrated with pH = 1.0 PBS. f). Log [Zim] at 0.5 Hz versus pH calibration plot composed of
replicate, non-adjacent, exposures to each pH. Impedance data was not fit to an equivalent circuit
due to the large impedance of the deprotonated poly(aniline).
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The dynamic range of the pH response for the NJ-pH sensor can been seen in
Bode plots of log Zim and log Zre versus Log f (Figure 4.4c,d). These plots show that the
sensitivity of the NJ-pH sensor is greatest at low frequency and is much larger for the Zim
channel than the Zre channel. Atf=0.8 Hz, Zim increases by four orders of magnitude as
pH increases from 2.0 — 9.0 (Figure 4.4d). Zr, by contrast, increases by just 50X across
this same pH range. Equations for the imaginary (Zim,n3) and real (Zre,na)
components of the NJ-pH sensor impedance, equations (2) and (3) respectively, predict

that Zimng is more weakly affected than Zre,Nng, by Rsoin relative to Rpeani.
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Real-time, randomized exposures of the NJ-pH sensor to solutions ranging from
pH = 2.0 - 9.0 (Figure 4.4e) show that the PANI nanojunction equilibrates rapidly and
completely producing nearly flat peak plateaus approximating ideal sensor response
characteristics. In this experiment, the NJ-pH sensor was immersed in a pH = 1.0 solution
between each exposure to buffers at higher pH (purple bars). So called “memory effects”,
in which the amplitude of a sensor response is dependent upon the pH value of the
previous exposure, are minimal. Two exposures to the same pH, separated by several
exposures to different solutions, produced nearly identical Zim responses.

The measured value of Zim at low frequency is strongly correlated with pH (Figure
4.4f) creating a sigmoidal response function of log Zim versus pH. While this plot suggests
a loss of pH sensitivity at high pH values, >5.0, in fact, Zim increases substantially, by 4.8
MQ, in the pH range from 5.0 — 9.0 enabling measurement of the pH in this range with
good signal-to-noise. The pH = 1.0 baseline is stable across 17 separate exposures
throughout nearly 5 hours.

The plot of log Zim versus time (Figure 4.5a) shows the equilibration of a NJ-pH
sensor upon exposure to buffers ranging from pH 2.0 — 9.0. More rapid equilibration is
observed at high pH, = 6.0 with response times of < 10 s. Equilibration is slower (30-60
s) for solutions of intermediate pH from 3.0 to 5.0. A plot of the pH measured by a PANI
nanojunction versus the actual pH measured by a macroscopic glass-membrane pH
electrode(Figure 4.5b) shows the influence of this equilibration behavior on the accuracy
of the pH measurements acquired at four settling times (10, 30, 45, and 120 s). The pH
measured by the NJ-pH sensor was determined through use of the best fit function from
the saturated signal. The degree of correlation between measured pH and actual pH,
measured using the Pearson correlation coefficient, r, increases with settling time (where
r = 1.000 indicates a perfect correlation). At 120 s, r = 0.988 indicating excellent

correlation, but a high r = 0.981 is obtained at a settling time of 30 s.
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Figure 4.5 - Temporal properties of pH detection. a). Log [Zim] at 5 Hz versus pH calibration
curves acquired at three time points after exposure of the PANI nanojunction sensor equilibrated
in solutions ranging from pH = 1.0 to pH = 8.0. b). Measured pH versus actual pH for four settling
times, as indicated. Covariance of the measured pH from the actual pH was assessed by the
Pearson correlation coefficient, p. c). % Signal saturation versus time for three NJ-pH of varying
wire radii, encompassing the gold nanowire and the PANI coating. Equilibration of the impedance
for the smallest, reani 200 nm, occurs within 10 s.

In view of the nanoscopic dimensions of this pH sensor, is a =30s response time
reasonable? One response rate-limiting process could be the diffusion of H3O* and OH"
in the PANI, which is required for equilibration of solution-phase concentrations with the
polymer. The Einstein equation*®, t = x?/2D, provides the means for estimating the time,
t, required for the diffusion of a species with a diffusion coefficient, D, to diffuse a distance,
x. The diffusion coefficient of small ions in electrodeposited PANI is in the range from 10
1210 1013 cm?/s.*%* If a diffusion distance of x = 50 nm is assumed, the Einstein equation
yields values of t in the range: 12.5 s <t < 125 s. The observed time response of the NJ-
pH sensor is in the middle of this range. Thus, the slow diffusion of H3O* and OH" in the
PANI could reasonably account for the measured time response of these sensors, which

becomes dramatically slower as the thickness of the PANI coating increases up to 2 pm

as shown in Figure 4.5c.

The response times reported here — ranging from 10 s to 2 min for the smallest

NJ-pH sensors — are similar to, or somewhat faster than, the response times reported for
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nanoscopic PANI-based gas sensors for small molecules (30 s - 9 min) including: NHz6°,
NO21%5, O3'%, and H2S'*"1%8, The similarity of response times observed for a variety of
PANI-based nanoscopic sensor systems and analytes supports the hypothesis that the
slow diffusion of analyte species in PANI is rate-limiting in terms of sensor response.
Therefore, it is necessary to fabricate a nanoscopic PANI junction to ensure rapid

response times.

4.3.4. The Influence of Salt Concentration on the Accuracy of the NJ-pH Sensor
At low frequencies, f < 1 Hz, the NJ-pH capacitors (Figure 4.3f) “pinch off’ the
coupling of charge from the PANI-coated nanowire into the solution, because the

impedance of the interfacial capacitor is proportional to 1/f:

1

Zcaiwire = @rem 4)

In principle, this minimizes the influence of Rsoin ON the sensor signal. Experimentally,
however, we find that the pH calibration of the NJ-pH is affected by the salt concentration
of the solution. This observation suggests that the ionic environment surrounding PANI
in the nanojunction directly modifies Rpani through a Donnan equilibrium.*®® Due to the
positive charge of PANI in its protonated state, a Donnan-like potential forms at its
interface with the solution, opposing the uptake of protons. The strength of this field
depends on the anion concentration in the solution, as the anions compensate this charge
and diminish the field strength. Thus, the concentration of salt in the solution will alter the

nanojunction’s protonation state.

Nyquist plots obtained as a function of the salt concentration at constant pH = 3.9
(Figure 4.6a,b) and pH = 6.9 (Figures 4.6c,d) show considerable variations as the salt
concentration increases from 0 (+0.050 M phosphate buffer) to 1.0 M. When these
impedance data for the full range of pH values are translated into Zim versus pH calibration
curves (Figure 4.6f) the influence of salt over this concentration range is seen to be
approximately 1 pH unit at pH = 4.0, on the rising portion of the calibration curve, but up
to 2 pH units at pH > 5, on the rising plateau of the curve. The accuracy issue posed by

the variation of the salt concentration is similar to that encountered with conventional
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glass pH electrodes, where liquid junction potentials, sodium ions, and activity effects

combine to introduce pH errors of similar magnitudes.*”®

B F T T T H AL BN R L AR AL
d. [Nacl] 300 kHz
ok | i
FRTTIT B AR ETTTT B e |
10 100 1000
[NaCl], mM
T T T 1:
1 ]
48
7/ INach E
/— 10 mM
[ 1.0M 3
1 1 | I
4 6 8 10
pH
I .
s .
(]
“
=
@ o [Nacl]
U 4 o ° -
& ¢ ® 10mM
s °
2 e 10M
| | | |
2 4 6 8
Actual pH

Figure 4.6 - pH measurement correction for NaCl. a,b). Nyquist plots for solutions at pH = 3.9
with NaCl concentrations of 0, 10, 100 mM and 1.0 M (+50 mM phosphate buffer) as indicated.
c¢,d). Nyquist plots for solutions at pH = 6.9 with salt concentrations of 0, 10, 100 mM and 1.0 M
as indicated. e). Zit measured at 300 kHz is logarithmically correlated with the salt concentration.
f). Four Zim (measured at 0.8 Hz) versus pH for salt concentrations of 0, 10, 100 mM, and 1.0 M
(+50 mM phosphate buffer), added to 50 mM phosphate buffer, as indicated. g) Salt-corrected
measured versus actual pH for salt concentrations of 0, 10, 100, and 1.0 M (+50 mM phosphate
buffer). Impedance data was not fit to an equivalent circuit due to the large impedance of the
deprotonated poly(aniline).

However, impedance read-out of the PANI nanojunction provides a means for
correcting the measured pH for the influence of salt. The key is that Zwt at very high
frequency, f = 300 kHz, is logarithmically correlated with the salt concentration,
irrespective of pH (Figure 4.6e). Therefore, the salt concentration of a test solution can

be determined at f = 300 kHz, and an appropriate calibration curve can be selected for
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the pH measurement (Figures 4.6f, B.7). This strategy eliminates the deleterious
influence of salt on measurement accuracy within the range from 0.05 M to 1.05 M, except
at pH values > 8.0 where measured pH value remains somewhat too low (Figure 4.69).
The accuracy of the NJ-pH sensors in synthetic urine was also tested and shown in figure
S8. For a synthetic urine solution with a measured pH of 6.62 by a glass pH-electrode,
the NJ-pH sensor measured pH = 6.72 £ 0.04, further confirming that this sensor can

accurately predict pH in complex media.

4.4. Conclusions

A pH sensing “node” that is <100 nm in all three dimensions is realized using a sensor
architecture in which a gold nanowire controllably fractured and the resulting nanogap is
filled with pH-responsive poly(aniline). Using a frequency of =1.0 Hz, the electrical
impedance measured across the nanogap is used to read-out the pH in the PANI
nanojunction. A second, high frequency impedance measurement allows for the
determination of the salt concentrations and correction of the measured pH, if necessary.
The use of impedance instead of a dc resistance measurement permits signal to be
extracted at pH values well removed from the pKa of PANI, and at high pH values where
PANI is has little conductivity. The properties of the PANI nanojunction for measuring pH
are similar those of macroscopic glass membrane electrodes: A pH measurement range
of 2.0 to 9.0, a reversible response, a response time of 30 s, and reusability. However,
the dimensions of the PANI nanojunction are less than 100 nm.

It should be emphasized that the NJ-pH sensor is obtained exclusively by high-
throughput wet-chemical processing steps, and does not require a clean-room, focused
ion-beam milling, electron beam lithography, or other time-intensive and expensive
microfabrication processes and facilities. Even the LPNE process required to fabricate
single gold nanowires is compliant with the atmosphere of a normal wet chemistry
laboratory. A clear path for the generalization of PANI nanojunction pH sensor to the
measurement of metal ions, nucleic acids, and proteins is provided by the fact that the
required recognition elements (ss-DNA, antibodies, engineered virus particles, chelating
agents) have previously been incorporated into the polymer matrix of PANI and other
conductive polymers during the electropolymerization process'**’¢. We look forward to

testing this hypothesis in our subsequent investigations.
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Appendix A: Supplementary
Information for Chapter 2

A.l. Materials and Fabrication of VBR

Additional details relating to this process outlined in the Experimental Section are
the following: Gold-film electrodes were cleaned by Oz plasma for 10 min immediately
before use. Scotch tape was placed on the ends of the electrodes to protect the contacts.
To obtain low DC resistance PEDOT-PSS films, 3% (v/v) ethylene glycol was mixed with
PEDOT-PSS at 550 rpm for 30 min. To obtain high DC resistance PEDOT-PSS films,
1.5% (v/v) ethylene glycol was mixed with PEDOT-PSS at 550 rpm for 30 minutes. The
mixture was spin-coated on the gold electrodes at 2500 rpm, 80 s and baked for 1 h at
90 °C. Electrodes were then allowed to equilibrate at room temperature and the cell was
then mounted on the gold-film electrodes followed by the incubation of the electrodes in
PBS for 30 min. Next, virus-PEDOT films were electropolymerized onto the PEDOT-
PSS/gold-film electrodes using a platinum foil counter and a mercurous sulfate electrode
(MSE). Virus-PEDOT films were prepared by cycling between 0.2 V and 0.8 V at a scan
rate of 20 mV/s in plating solution using a PARSTAT 2263 controlled by Electrochemistry
PowerSuit 2.6 software. Plating solutions contained 8 nM M13 bacteriophage, 12.5 mM
LiClO4, 2.5 mM EDOT, and were electropolymerized for 2 cycles.
A.2. Process Windows Compliance Assessment of VBRs

VBRs were evaluated at every step of the fabrication process to ensure the reproducibility
of signal at each DJ-1 concentration. Starting with the fabrication by photolithography of
gold electrodes, the VBR is prepared in five steps (Figure A.1). The parameters
measured at each of these steps is indicated in the diagram for Fig. 5.1. In this diagram,

the following definitions apply: Rau is the dc resistance of the gold electrons prepared in
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step 1, measured along their longest dimension, Rrepot-pss IS the dc resistance of the
PEDOT-PSS film produced in step 2, Zim and Zre are the baseline impedances measured
for the PEDOT-PSS film after incubation in PBS for 30 min in step 3; ip is the peak current
for the electropolymerization, by cyclic voltammetry, of the virus-PEDOT composite in

step 4. The VBR device yield using the process windows described below was =60%.

Step 1: The DC resistance between two end-points on the individual gold pad should be
3.9t0 5 Q. This resistance adds to the resistance of spin-coated PEDOT-PSS resistance
to yield the final DC resistance across PEDOT-PSS coated electrodes.

Step 2: Chips with DC resistance across the baked PEDOT-PSS films of 240 to 380 Q
are then used for further fabrication.

Step 3: To eliminate the baseline drift, the PEDOT-PSS films from the previous step are
immersed in PBS for 30 minutes. This step results in increased resistance of the swollen
PEDOT-PSS film, tracked by the Nyquist Zre = 300 — 500 Q and Zim =80 — 150 Q values.
Step 4: The cyclic voltammogram is indicative of EDOT polymerization quality and phage
entrapment. The shape of the voltammogram along with the anodic peak current (ip)
values are important screening parameters. The ip separation between two subsequent
scans is approximately 1x 104 A.

Step 5: Visual inspection of the newly formed biorecognition layer for any abrasions,

prevents unusual Nyquist drift and non-specific signals.

Soln for
PEDOT:phage
PEDOT:-PSS Electroplating soln phag baseline reading
PN\
Q \ > B
)
Rau= ReepoT.pss = 240 - 380 Q N)’qulst in PBS = 3x104A PEDOT film visual
39-50 Zim =80 -150 Q (29-33)

Visual inspection inspection

I SC.

= 2x104A
Zre = 300 500 Q P 5

(1.9-23)

Figure A.1 - Process flow for the VBR fabrication process, including the process window
parameters that were enforced for this process, indicated in red.
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Table A.1 - VBR circuit elemental values corresponding to the Nyquist plots of Figure 2.8a-c.

Fig 2.8a Synthetic Urine 10 pM DJ-1
value st dev value st dev
Rsol (Q) 338.5 0.2 333.6 0.7
R1(Q) 1097 4 1136 8
Cver (F) 1.040 x 10 4x108 1.010 x 10°° 5x 108
Rver (Q) 1617 2 1674 2
CPE, Q
(F) 2.570 x 10 5x108 2.54 x 10 2x 107
CPE, n 0.85 0.00 0.85 0.00
Fig 2.8b Synthetic Urine 1nMDJ-1
value st dev value st dev
Rsol (Q) 331.7 0.4 333.6 0.1
R1 (Q) 1490 2 1823 6
Cver (F) 8.70 x 10°® 2x108 8.610 x 10°® 8x10°
Rver (Q) 1663.3 0.4 2010 10
CPE, Q
(F) 2.380 x 10°° 9x 108 2.53 x10°% 3x 107
CPE, n 0.86 0.00 0.86 0.00
Fig 2.8c Synthetic Urine 300 nM DJ-1
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value st dev value st dev

Rsol (Q) 304.5 0.1 275 1
R1 (Q) 2550 20 4110 50
Cver (F) 8.49 x 106 5x 108 6.99 x 106 9x 108
Rver (Q) 1983 5 2634 3
CPE, Q

(F) 2.66 x 10°° 1x 107 2.78 x 10 2x107
CPE, n 0.86 0.00 0.86 0.00
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Appendix B: Supplementary
Information for Chapter 3

B.1. Two Virus Receptors Used in this Study.

d. MI3 KO7 P7/P9
2700 P8
\\\\\\\\/.‘ coat proteins ///// »
\§ 6 rim ssDNA \\\ \\\ \\\\

P3/P6 f |

I: =| ym g
b. Mi3 —

iy

\\\ T
/A—:\y_@_/}

Figure B.1 - Schematic diagrams of the two M13 virus receptors, used for the detection of the
two antibodies investigated here. a). M13 KO7 is an M13 variant with no appended peptide
epitopes. The anti-M13 Ab recognizes 2700 P8 coat proteins, b). M13 FLAG is an M13 variant
that has FLAG-tag (with sequence DYKDDDDK, where D = aspartic acid, Y = tyrosine, K =

lysine) appended as C-terminal fusions to a subset of the P8 coat proteins.

B.2. Demonstration of VBR Insensitivity to Two Antibodies.
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Figure B.2 - Demonstration of VBR insensitivity to two antibodies. a,b). Enzyme-linked
immunosorbent assay (ELISA) data for the binding of (a) anti-M13-HRP (horse radish peroxidase)
to M13 KO7 showing strong binding with a ECso = 7.3 ng/mL, and the same experiment for anti-
FLAG-HRP detection of M13 FLAG showing an ECso = 7.6 ng/mL. The anti-M13 control tracks
the response of VBRs containing no phage; the anti-FLAG control shows the response of VBRs
containing Stop-4 phage. d). Nyquist plots for two VBRs showing data for a PBS buffer (c) and
anti-M13 (d) in PBS at two concentrations. Nyquist traces for buffer and anti-M13 overlap
indicating no measurable signal is present. e,f). Same experiment for two VBRs attempting the
detection of anti-FLAG at two concentrations, as indicated. Again, buffer and anti-FLAG Nyquist
plots overlap, indicating no measurable signal is present.

B.3. Additional Experimental Details.
B.3.1. Fabrication of an O?VBR.
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Figure B.3 - Fabrication of an O?VBR. a). Process flow for the five-step fabrication process, b).
Optical photographs of a VBR (left) and an O?VBR (right). The bleaching of the bioaffinity layer
relative to the VBR is characteristic of the over-oxidation process, c). Electrodeposition of the
virus-PEDOT layer at 20 mV/s in a solution containing 2.5 mM EDOT, 12.5 mM LiClO4, and 8 nM
phage. d). Current versus time for the potentiostatic oxidation of the VBR channel at +0.80 V vs.
MSE for 50 s and 100 s, as shown. e). Nyquist plots for the impedance analysis of a VBR (no
oxidation, green), an O2VBR with 50 s of oxidation (red) and an O?VBR with 100 s of oxidation,
(purple).

B.3.2. FLAG-displaying C2 phage propagation and purification
The phagemid DNA was transformed into SS320 competent E. coli, and
transformants were plated on a carbenicillin-supplemented (50 pg/mL) agar plate before

incubation at 37 °C overnight. A single colony was selected to inoculate 25 mL of 2YT
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supplemented with carbenecillin (50 pg/mL) and tetracycline (2.5 uyg/mL). The culture was
shaken at 37 °C until OD600 reached 0.5; then, 30 uM IPTG and sufficient M13KO7 to
achieve a multiplicity of infection of 4.6 was added. After an additional 45 min incubation,
8 mL of the culture was used to inoculate a 150 mL of 2YT supplemented with
carbenecillin (50 pg/mL), kanamycin (20 ug/mL), and IPTG (30 pM). This culture was
incubated at 30 °C with shaking at 225 rpm for 18 h. The cultures were centrifuged at 10
krpm (15300 x g) for 10 min.

The supernatant was decanted into a centrifuge tube containing 1/5 the volume of
PEG-8000 (20%, w/v) and NaCl (2.5 M). The tube was inverted 5 times and stored on ice
for 30 min followed by an additional centrifugation at 10 krpm (15300 x g) for 15 min. The
supernatant was decanted, and tubes were centrifuged for an additional 4 min at 4 krpm
(2429 x g). The pellets were resuspended in PBS and the precipitation steps were
repeated. Phage concentrations were quantified by measuring absorbance at 268 nm.
Finally, the phage were diluted to 60 nM, flash frozen with Glycerol (10%, v/v), and stored
at -80 °C. To prepare for devices or ELISAs, the phage solution was thawed on ice,
precipitated a second time, and diluted to 40 nM in either LiClO4 (12.5 mM) or PBS,

respectively.

B.3.3. M13KO07 phage Propagation and Purification

XL-1 Blue competent cells were streaked on a tetracycline-supplemented (1.5
pMg/mL) agar plate before incubation at 37 °C overnight. 10 colonies were selected to
inoculate 5 mL of 2YT supplemented with tetracycline (2.5 pg/mL). The culture was
shaken at 37 °C until OD600 reached 0.5-0.6. This OD600 of was aliquoted to 200 uL in
seven different microcentrifuge tubes. Ten serial dilutions of M13 KO7 helper phage were
created by first combining 1.5 ug of phage stock solution with 13.5 pyL of PBS to create
the first solution. 1.5 pL of the first dilution was added to 13.5 pyL of PBS and repeated
until ten serial dilutions were prepared. 10 uL of the fourth through tenth M13 KO7 phage
dilutions are added separately to the above 200 uL culture aliquots. Each phage-culture
aliquot was then separately combined with 4 mL of top agar, inverted 5 times, then poured

onto tetracycline-supplemented (1.5 pg/mL) agar plates to uniformly cover the surface.
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The plates were incubated at 37 °C overnight. A plate was chosen where individual
phage plaques were visible. Using a flame-sterilized Pasteur pipette, a single plaque was
removed from the plate and added to 5 mL of 2YT supplemented with tetracycline (2.5
pMg/mL) and shaken at 37 °C overnight. This culture was added to 150 mL of 2YT
supplemented with kanamycin (20 pg/mL) and shaken at 37 °C for 18 h. The supernatant
was decanted into a centrifuge tube containing 1/5 the volume of PEG-8000 (20%, w/v)
and NaCl (2.5 M). The tube was inverted 5 times and stored on ice for 30 min followed
by an additional centrifugation at 10 krpm (15300 x g) for 15 min. The supernatant was
decanted, and tubes were centrifuged for an additional 4 min at 4 krpm (2429 x g). The
pellets were resuspended in PBS and the precipitation steps were repeated. Phage
concentrations were quantified by measuring absorbance at 268 nm. Finally, the phage
were diluted to 8 nM, flash frozen with Glycerol (10%, v/v), and stored at -80 °C. To
prepare for devices or ELISAS, the phage solution was thawed on ice, precipitated a third
time, and diluted to 40 nM in either LiClO4(12.5 mM) or PBS, respectively.

B.3.4. Impedance Spectroscopy

All' IS measurements were performed on a Princeton Applied Research PARSTAT
Model 2263 potentiostat via Electrochemistry PowerSuite 2.6 software or a PaimSense 3
potentiostat via PSTrace 5.6 software. EIS Analyzer software (ABC Chemistry) was used
to fit the data to the circuit as described previously. 44 300 iterations of the Powell algorithm
was used to extract values for each element in the same equivalent circuit as previously
reported.? The difference in the Rver value acquired before and after exposure to
antibodies is used to determine the signal of the device. If a tail not conforming to a
semicircle appeared at the low frequency end of the impedance Nyquist plot, the lowest
frequencies from 1 Hz to ~5 Hz were omitted from the equivalent circuit fitting process.
B.3.5. Control Experiments

Three control experiments were performed for O2VBRs. For example, for O°VBRs
loaded with KO7 phage that targets anti-M13, one control was a device fabricated without
phage; exposure of this device to the anti-M13 antibody assesses non-specific binding of
the antibody to PEDOT. A second control was a O?VBR with KO7 “helper” phage, which
lack a displayed receptor, exposed to anti-FLAG, an IgG antibody; this control can detect

any non-specific signal from similar antibodies to the KO7 phage. A third control involved
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the exposure of O?VBRs loaded with KO7 phage to anti-GFP (green fluorescent protein),
another 1IgG antibody, to further confirm the specificity of these biosensors for their
intended target, the anti-M13 antibody.

For FLAG-displaying phage, the first control was a device without phage exposed
to anti-FLAG to examine non-specific binding of the antibody to PEDOT. Second,
O?VBRs loaded with STOP-4, a phage that does not display peptide receptor moieties,
were exposed to anti-FLAG to determine the level of non-specificity between phage and
the antibody. The last two controls were O?VBRs loaded with FLAG-displaying
phage exposed to anti-DL1 (IgG antibody) and anti-GFP, both to investigate non-
specificity between similar antibodies and the device.

B.3.6. Raman Spectroscopy

Samples for Raman spectroscopy experiments were prepared in a similar fashion
to the samples for XPS. Raman spectra were collected using a customized Renishaw
InVia Raman microscope with a 785 nm excitation laser and a 2 ym spot size. Peak
positions were taken from the apparent peak maximum; no peak fitting was used to
deconvolute the spectra. Figure B.1 shows Raman spectra from a normal VBR and an
O2VBR, both sampled from the center of the film. Bands in the Raman spectra
correspond well with literature Raman spectra of PEDOT films."7-8 A 3 cm* shift in the
band corresponding to symmetric Ca=Cp stretching from 1425 cm* in the normal VBR to
1428 cm? for the O?VBR is consist with literature on oxidized PEDOT films, 18-85
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Figure B.4 - Raman spectra of normal and O?VBR films. Indexed band corresponds to symmetric
Ca=Cp stretching.

B.3.7. X-Ray Photoelectron Spectroscopy

Samples were fabricated for X-ray photoelectron spectroscopy (XPS) experiments
as described in the main text. After the final fabrication step, sensors were then rinsed
thrice with Milli-Q water (resistivity of 18.2 MQ*cm, Millipore Milli-Q Gradient) before being
dried overnight in a vacuum desiccator. XPS data was acquired using the AXIS Supra by
Kratos Analytical Inc equipped with monochromatic Al/Ag X-ray source. The adventitious
C 1s peak corresponding to the C-C bond was referenced to 284.8 eV. Any depth-profiling
was performed at the center of the sample using 10 kV of 1000+ Ar clusters for 6 cycles

of 5 seconds each.
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Figure B.5 - XPS spectra of a) O 1s, b) N 1s, ¢) C 1s, and d) S 2p. Blue traces represent the
normal VBR, red traces represent the O?VBR. No significant shifts in binding energies were
observed between the normal VBR and O?VBR. Deconvoluted peaks (not shown here) appear at
similar binding energies to those observed in previous literature,18-189
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Figure B.6 - N 1s XPS depth profiling of a) normal VBR and b) O2VBR. Significant nitrogen signal
was observed at the surface of both the normal VBR and O?VBR, attributed to the nitrogen atoms
on the P8 coat protein of bacteriophage. As the surface of the sensor was etched, the nitrogen
signal was reduced significantly in both the normal and O2VBR. Black trace represents 0 seconds
of etching, grey trace represents 5 seconds of etching, and light grey represents 10 seconds of
etching.
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Appendix C: Supplementary

C.1.

Information for Chapter 4

Table of Nanoscopic pH Sensors

Table C.1 - Recent examples of nanoscale pH sensors in the literature.

Type of Sensor Size' Transduction pH Respons | Repeatability' | Ref
Method Range | e Time !
Self-Assembled | AUNC 2 nm | Phosphorescence | 6.5 — 5s 5 cycles 190
Au Nanoclusters Diameter 10.5
into microflowers | Microflower
s=10-30
pum
diameter
Chemically 50-100 nm Fluorescence 3.0- <ls 5 cycles 191
Modified diameter 11.0
Fluorescent
Nanodiamonds
Nitrogen doped | QDs: 3 nm Fluorescence 2.0 - 35cycles | 192
Graphene diameter 13.0 over 30 days
Quantum Dot | film: 100 pum
Copolymer film thick
PANI@AuU 100 nm Photoacoustic 1.0-8.0 193
nanoparticles diameter imaging
Organosilica 100 — 500 Fluorescence 45-8 194
nanoparticles nm
Diameter
Carbonized 3nm Photoluminescen | 3.0 — 8.0 5 cycles 195
polymer dots Diameter ce
Gold- <300 nm SERS 4.4-93 196
Photodeposited diameter
Silver Nanowire
Quantum Dot 30 -85nm | Photoluminescen | 1.0-7.0| 5 min 3 cycles 197
Integrated Diameter ce
Graphene Oxide
AuNPs with 60 nm SERS 2.0 - 198
4MBA SAM Diameter 10.0
Silica 95 nm Fluorescence 3.0-9.0 199
nanoparticle Diameter
functionalized
with dyes
Dual- 40-48 nm Fluorescence 45-8.0 200
Luminescent Diameter
polymer

nanoparticles
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Syringaldazine 50 nm Voltametric 2.0 - ls 201
modified Diameter 12.0
pyrolyzed
carbon
nanopipette
Carbon 800 nm Potentiometric | 6.0 —8.5 <5s 3 cycles 134
nanopipette Diameter
electrode
Si nanoplate — 100 nm Double-gated 4.6 - 5 min 202
nanowire nanowire FET 10.7
transistor Diameter
Si Nanowire 30 nm - FET 4.0-8.0 203
Array Diameter
PANI Potentiometric | 3.0 — 8.0 6 cycles 204
electrodeposited
thin film
PANI nanofiber Potentiometric 3.9- 15s 2 cycles, 205
array 10.1 97.9%
retention
MoS; monolayer | 100 - 3000 Field-Effect 2.0 — 100 cycles | 206
pm? Transistor 12.0
PANI nanowire 500 x 500 Voltametric 1-6 5 cycles 146
array pum
Single PANI- <100 nm Impedimetric 20-9.0 30s 17 cycles Thi
filled nanogap Length, between pH s
Height, and 1.0and 2.0 - | wo
Width 9.0 rk

i. Size describes the largest dimension of the active material performing pH sensing.
ii. Repeatability represents the number of measurement cycles demonstrated for solutions of two
or more pH values.

C.2. Concept and Fabrication of PANI Nanojunction pH Sensors

emeraldine salt ., emeraldine base
PO -2H+ ’{N N\ /@’i/
@ o OO 5 LT,
AN o\ A7)\
) MO—&
o=102S/cm o0=108S/cm

Scheme C.1 — Schematic representation depicting the structure of poly(aniline) (PANI) and its
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conductivity in the protonated (emeraldine salt) and deprotonated (emeraldine base) state.

— p— |h:40nm _L 20-80nm ‘
1B

w: 150 nm

Figure C.1 - Fabrication process for single poly(aniline) (PANI) nanojunction sensors. (1). Ni
Physical Vapor Deposition (PVD), 40 nm. (2). Spin-coating positive photoresist (+PR). (3). UV
exposure, developing and etching of half of the Ni slide, leaving overhanging +PR. (4).
electrodeposition of Au NW on Ni edge. (5). Removal of +PR and etching of remaining Ni. (6).
Spin-coating +PR, UV exposure of a negative of the contact pattern, and developing. (7). PVD of
4 nm Cr, 60 nm Au. (8). Sonication in acetone. (9). Spin-coating, UV exposure, and developing
of a ~45 yum gap within the contacts to insulate contacts from solution. (10). Electromigration to
form nanogap. (11). Electropolymerization of PANI.

C.2.1. Single Au Nanowire Fabrication

The electrodeposition of single gold nanowires was accomplished using the
lithographically patterned nanowire electrodeposition process or LPNE, as previously
described and shown in Figure C.1 steps 1 - 5.%% Step 1 was the physical vapor deposition
(PVD) of Ni (40 nm) onto a glass slide. Step 2 shows the spin-coating and soft baking of
positive photoresist onto the Ni thin film. Next, Step 3 shows the UV exposure (Auv = 365
nm), developing, and etching of Ni from half of the slide. A trench was etched into the Ni,
so the photoresist creates an overhang to limit the height of the nanowire during the
electrodeposition. Step 4 shows electrodeposition of a single Au nanowire on a Ni edge
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with overhanging photoresist (-0.9 V vs. Saturated Calomel Electrode for 900 s). Once
the single Au NW was prepared by LPNE a glass slide, a lift-off process was performed
to deposit Au contacts 50 um apart, providing robust contacts to the Au nanowire. This
process was the following: First positive photoresist (Microposit S1808) was spin-coated
on the bare gold wire and glass surface in step 6, and a negative of the contact pattern
was used as a mask during exposure to UV light. The exposed photoresist was the
developed, and in step 7, 4 nm of Cr followed by 60 nm of Au were deposited on the glass
slide by physical vapor deposition. Lift-off was accomplished in step 8 by sonicating the
slide in acetone for 1 minute, resulting in the removal of the remaining photoresist and
the Au deposited on top of it. This left two Au contact pads, separated by 50 um of a
single Au nanowire. These contacts were covered with an insulating photoresist layer in
step 9 to prevent their exposure to test solutions.
C.2.2. Electromigration

The automated, feedback-controlled electromigration process used to prepare
nanogaps in single gold nanowires has been described elsewhere and is shown step 10
(Figure C.1).**2 Briefly, a feedback-controlled voltage ramping program was applied
across the Au nanowire. The initial nanowire resistance, Rrf, was measured and
recorded. From an initial applied voltage, Eapp = 10 mV, Eapp was increased at 5 mV per
second. When the resistance of the wire changed by 0.015Rref, Eapp Was reduced by 50
mV, a new Rref was recorded, and the process was repeated until a large increase in
resistance to >1 MQ signaled the formation of a single nanogap (Figure 4.2a). Breaks
seen in the measurements of Eapp and resistance (Figure 4.2a) mark time points at which
a 50 mV reduction in Eapp occurred. This algorithm reproducibly generated nanogaps
with dimensions 50 + 30 nm range, as required for the fabrication of the nanometer-scale

pH sensors described here.

C.3. Control Experiments
C.3.1. Single Au Nanowire pH Controls

In order to confirm that all pH generated signal is coming only from the PANI rather
than the gold, a single Au nanowire was exposed to solutions with pH = 1.0 — 9.0. The
Nyquist plots for these data can be seen in C2a. .Extracting the Zim at low frequency

(Figure C.2b) demonstrates that there is large change or clear trend with pH.

106



Furthermore, fitting these data to the equivalent circuitin figure C.2a-b, shows that neither

resistor changes significantly with pH.

20 fF T T T i 1000 T T T I

a. b.
9 — -

<L | GN 50

pH I T 900* B

g pH2 pH7 o : -
= 10 pH8— 7 850 T t 4

E H4pHS | = i | P
pH 5 ® gool I -

s 4 E I -
N 750 1 —
[1]:3 ] ] 1 + 700 =1 ] ] |

0 5 10 I5 20 2 4 6 8
Zre, kQ pH

500 F T | T — 1700 1 T | I

c. d.
400 - _ 16.95 — -

L] -
L]
16.90 [~ -
G 300} s ° 4 < t i

E . L 31685 ‘e ., -

& 200 ¢t F * .
s 16.80 [~ —
100 = 16.75 .
o1 l L [ 1670 =1 1 I [

2 4 6 8 2 4 6 8
pH pH

Figure C.2 - pH control experiments for a continuous Au nanowire. a). Nyquist plots in different
PBS solutions of pH 1.0 — 9.0. b). The Zi» impedance at the lowest frequency recorded. c). The
Rsom Values and (d) Ruwire €xtracted from fitting the impedance data to the (Rsom + Qepv) / Ruire
equivalent circuit. Error bars represent one standard deviation of triplicate measurements.

C.3.2. Empty Nanogap pH Controls

Again, to rule out pH related signal coming from the Au nanogap, solutions of
various pH values were exposed to an empty Au nanogap. The Nyquist and Zim bode plot
for these data are shown in figures C.5a and C.5d. Extracting the low frequency Zim again
shows no clear trend, as can be seen in figure C.5e. Fitting these data to the high salt

nanogap equivalent circuit again demonstrates no clear trend in figure C.5b-c.
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Figure C.3 - pH controls for empty nano-gap within a single Au nanowire. a). Nyquist plots in
different PBS solutions of pH = 1.0 — 9.0. b-c). Best fit values from the equivalent circuit for the
constant phase element, n (b) and Q (c). d). Bode impedance plot of Zim vs. Frequency for the
same sensor. e). Plot of low frequency Zm vs. pH.

C.4. Validation of Nanowire, Empty Nanogap, and PANI Filled Nanogap Equivalent
Circuits
C.4.1. Single Au Nanowire Equivalent Circuit

The equivalent circuit for the single Au is presented in the main text figure 4.3d.
This circuit contains the through wire resistor in parallel with the solution resistor and
double layer capacitor series. To confirm that this circuit is valid for the sensor, solutions
of LiClO4 of different concentrations were added to the sensor to evaluate the solution
impedance spectra, which is seen as Nyquist plots in C.4a. Figure C.4c shows that Rson
changed in accordance with the LiClIO4 concentration and thus the ionic strength. As
evidence by figure C.4b, Ruire is not affected by the change in the ionic strength of the
solution and instead continuously matches with what is measured using a multimeter’s

DC resistance feature.

108



Ioooo _I I I I l + 8000 ”'1 T TT"H T T'"Tl'q T T'l'lTlT‘ T Tl“Tl" T T an{ T Y'"Tll" T Y'"“l" T 'l'"l'l'l" T 'l'"“‘ LILLLI
a. b. 4000 |- @ c. -
8000 |- .
7500 - .
3000 |- .
. i c
o e o . . . . : .,
£ ; £ — L -1 3 - —
iq 4000 |- MHCIOs 4 7 . 3 2000
..... - 10 mM e
2000 |- // w600 . 1000 > -
0.1 mM
0 300 kHz i ol *
I I I I lsm HZI 6000 TIIJ 11 ||||‘ 11 ||||‘ 11 |||||‘ 1 ||||||‘ 1 11T ||||‘ 1 ||||||‘ 1 llllll‘ 11 |||||‘ 11 ||||‘ L1111
0 2000 4000 6000 8000 10000 ol 1 10 100 1000 01 1 10 100 1000
Zre,0 [LICIO,], mM [LICIO,], mM

Figure C.4 - Experimental data and best fit models for the Au nanowire while varying the
concentration of LiClO, exposed to the device. a). Nyquist plots for the single Au NW exposed to
different LiClO, concentrations. The Nyquist plots are taken from 300 kHz — 500 Hz. b-c). The
best fit values of the (b) Rwire cOmponent and (c) Rsoin 0f the equivalent circuit as a function of
LiClO4 concentration. Error bars are calculated using the standard deviation of the best fit values
from three Nyquist plots of each LiClO4 concentration.

C.4.2. Empty Nanogap Inside Single Au Nanowire Equivalent Circuit

To evaluate the proposed equivalent circuit for the empty nano-gap seen in Figure
4.3e, a solutions resistor in series with a double layer capacitor, solutions of LIClIO4 of
different concentrations were exposed to the empty nano-gap. The Nyquist plots in Figure
C.4a show a high frequency semicircle forming when the salt concentration is low,
suggesting a parallel R and C, but no high frequency semicircle when the salt
concentration is high. Thus, two different equivalent circuits must be used depending on
the salt concentration. Figure C.5b shows the low salt concentration circuit as a solution
resistor in series with a parallel Rionic and Coukk, representing the impeded ionic charge
transport at low ionic strength solutions, in series with a double layer constant phase
element.?°” The high salt concentration circuit includes just the Rson and the Qdi-wire in
series. The Rsoin Values track well with the salt concentration, as does the Rionic with only
the low salt concentrations. Other noteworthy trends are that the imaginary impedance at
low frequency decreases with increased salt concentration, signifying an increase in

capacitance.
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Figure C.5 - Experimental data and best fit models for the Au nanogap while varying the
concentration of LiClO4 exposed to the device. a). Nyquist plot of the Au nanogap device exposed
to different concentrations of LiClO4. ¢). Best fit values of the Rsoin Of the equivalent circuit as a
function of LiClO4. d). Best fit values of the Rionic component of the equivalent circuit for the
solutions with a low LiClO4 concentration. e-f). Best fit values of (e) Q and (f) n.

C.4.3. PANI Nanojunction Equivalent Circuit

The equivalent circuit proposed for the filled nanogap is the same is the continuous
Au nanowire, seen in Figure 3f. Again, this circuit has a PANI resistor in parallel with a
solution resistor and double layer capacitor in series. Figures S6 a-f show the Nyquist
plots in increasing pH solutions overlayed with the best fit circuit. The high frequency
impedance data shows a small non-ideal deviation, which is minimized by using a CPE
instead of a capacitor. Past pH 4, the Nyquist plot does not show semicircular behavior
anymore, and to extract best fit values, the PANI resistor must be set to a large value. All

the best fit values can be seen in Table C.2.
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Figure C.6 - Averaged impedance data of the PANI NJ sensor exposed to various solutions of
different pH values overlayed with the best fit overlayed. pH = 1.0 — 5.0 are shown in (a-e),
respectively, and (f) shows the pH 5.0 data enlarged to what was seen in the experiment. The
Reani component of the best fit model in (e-f) was constrained to 1 GQ due to the lack of low
frequency impedance data that could capture this high impedance behavior.

Table C.2 - Best fit values from the randomized pH exposures in figure S6. The Levenberg-
marquardt algorithm was used with 500 iterations to fit the averaged data to the equivalent circuit:
(Rsoin + QepL)/Reani.

pH soin’ KQ Q. HF s Mo Reanr KQ
1 6.88 0.153 0.771 80.3
2 12.4 0.142 0.722 99.5
3 13.9 0.144 0.710 199
4 42.5 0.112 0.762 1,390
5 112 0.082 0.748 106*
6 230 0.061 0.691 106*
7 210 0.046 0.704 106*
8 470 0.04 0.787 106*
9 485 0.039 0.788 106*

* value constrained due to lack of low frequency impedance data
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C.5. Interfering lons Study

C.5.1. Influence of lonic Strength on NJ-pH Accuracy

Figure C.7 shows the flow chart for the correction of the pH for different salt
concentrations. The first step was to measure the salt concentration in the solution
using 300 kHz Zwt. This information is used to decide which Zim at 0.8 Hz vs pH

calibration curve to use, providing a more accurate measurement of the pH.

IIHII LI l[l"l TTT IIIIII TTT ll"l]

o ] 10" T | | 4
o E 3
ok . c 0’ 4 E
I + IMNaCl 3

> T &
Q gl L ] _ 10 F =
measure = measure g E E
Ztot at ] Zimat 0.8 8 10° N .
300 kHz g 6l l— Hz eV E
et — - -
N N L F :
=
s . 0E
l E 3
Lol v vl 3ol 3 v |03'— A | | | n

0 10 100 (1000

~
-+
o~
©
=

spiked [NaCl], mM

Figure C.7 - A diagram of how one would use the high frequency impedance to correct for the salt
effect. First, measuring Z.: at 300 kHz will allow the sensor to predict the salt concentration. Seen
in this diagram is a theoretical measurement of Zi: = 5 kQ, which translates to the 1 M NacCl
calibration curve. Next, Zin at 0.8 Hz is measured, and plotted on the calibration curve of Zim vs
pH. In this diagram a theoretical measurement of Zin, = 2 MQ is made, leading to a measured pH
of 4.2.

C.5.2. Accuracy of NJ-pH in Synthetic Urine

Figure C.8 shows the results from two NJ-pH sensors in which 100 mM NaCl
phosphate buffers were used to create calibration curves. A solution of synthetic urine
was used to test the accuracy of the sensor to more complex media. The synthetic urine
contains Urea, MgSO4, CaClz and NaCl in DI water. The measured pH from the NJ-pH
sensors was 6.72 + 0.04 compared to the measured pH from a glass pH-electrode which
was 6.62.
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Figure C.8 - Calibration curves for two separate NJ-pH sensors. a-b). Low frequency Zm vs pH
plots. The data in red was collected using 50 mM phosphate buffers with 100 mM NacCl. The
blue data points on each plot are measurements taken of synthetic urine, which was found to
have pH = 6.62 according to a glass pH-electrode. The calculated pH for the synthetic urine
samples was 6.69 and 6.76 for (a) and (b), respectively.
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