DRAFT July 17/2019

Electrochemical Characteristics of DNA Modified Electrode as
a Function of Coverage

Rahul Tevatia, 2] Abhijeet Prasad,®! Ravi F. Saraf*[b]

[a] Vajra Instruments, Lincoln, NE 68512; [b] Department of Chemical and Biomolecular Engineering, University of Nebraska-
Lincoln, NE 68512; *rsaraf2@unl.edu

Published in Analytical Chemistry 2019, 91 (16), 10501-10508



DRAFT July 17/2019 (Accepted, Analytical Chemistry, 7/2019)

Electrochemical Characteristics of DNA Modified Electrode as
a Function of Coverage

Rahul Tevatia,[?] Abhijeet Prasad,! Ravi F. Saraf*[]

[a] Vajra Instruments, Lincoln, NE 68512; [b] Department of Chemical and Biomolecular Engineering, University of Nebraska-
Lincoln, NE 68512; *rsaraf2@unl.edu

ABSTRACT: Electrochemical characteristics of immobilized dsDNA on Au electrode was studied as a function of coverage
using a home-built optoelectrochemical method. The method allows probing of local redox processes on a 6-pm spot by meas-
uring both differential reflectivity (SEED-R) and interferometry (SEED-I). The former is sensitive to redox ions that tend to
adsorb to the electrode while SEED-I is sensitive to nonadsorbing ions. The redox reaction maxima, Rmax and Amax from SEED-
R and SEED-I, respectively, are linearly proportional to amperometric peak current, Imax. The DNA binding is measured by a
redox active dye, methylene blue (MB), that intercalates in dsDNA leading to an Rmax. Concomitantly, the absence of Amax for
[Fe(CN)s]*/3- by SEED-I ensures that there is no leakage-current from voids/defects in the alkane thiol passivation layer, at
the same spot of measurement. The binding was regulated electrochemically to obtain the binding fraction, f, ranging about
three orders of magnitude. A remarkably sharp transition, f = fr = 1.25 x 10-3 was observed. Below fr, dSDNA molecules be-
haved as individual single-molecule nanoelectrodes. Above the crossover transition, Rmax, per dsDNA molecule dropped rap-
idly as f1/2 towards a planarlike monolayer. The SEED-R peak at f ~3.3 x 104 (~270 dsDNA molecules), was (statistically)
robust corresponding to a responsivity of ~0.45 zeptomoles of dsDNA/spot. Differential pulse voltammetry (DPV) in the sin-
gle-molecule regime estimated that the current per dsDNA molecule was ~4.1 fA. Comparing with published amperometric

results, the reported semi-logarithmic dependence on target concentration is in f > fr regime.

Introduction

A DNA monolayer immobilized on Au electrode by a gold-
sulfur (Au-S) linkage is of great scientific and technological
interest as a model organic monolayer, and for use in bio-
sensing.!’5 Easy immobilization of single-stranded DNA
(ssDNA) by a Au-S linkage® and the electronic conductive
property of double-stranded DNA (dsDNA)® led to the de-
velopment of compact, inexpensive, electrochemical sen-
sors and devices. A large change in the refractive index due
to conductivity in dsDNA7 is leveraged to make sensitive
surface plasmon resonance devices on nanostructures of
Au.810 Recently, the insulator-conductor transition has be-
come an attractive principle for developing high-impact liq-
uid biopsy applications for detection of cancer by profiling
cell-free nucleic acids (cfNA).11.12

The importance of electronic conduction in dsDNA for elec-
trochemical devices was realized at the onset as the charge
injection was accomplished via redox coupling.'314 The con-
duction is attributed to overlapping of m orbitals in the base
pairs!315 leading to short range transport by nonresonant
tunneling'® and long-range conduction by hopping between
adjacent bases.’>17 The long-range conduction in the rela-
tively hydrophobic core surrounded by (electronically insu-
lating) an ionic polyelectrolyte shell in water,'” is a unique
prescription for building electrochemical devices by inter-
calation mediated charge injection to gate conduction,!®
couple reactions,® measure disruptions in the stacking to
probe single-base mutation!® and heavy ions,'” and using
redox active intercalator compounds to measure specific

binding between an immobilized ssDNA probe and an
ssDNA target.®20 Using redox active reporters, sensitivity in
the attomolar range has been demonstrated.?! The high sen-
sitivity and dynamic range of these label-free methods will
lead to technology to profile cfNA without using polymerase
chain reaction (PCR).

The binding of the target to an immobilized probe is affected
by electrostatic effects, namely: (i) the probe sticks to the
Au surface, and (ii) the negative charge on the probe and
target causes repulsion. First, as Au has propensity to at-
tract anions due to its lower Fermi level,?? the negatively
charged ssDNA probe will tend to lie flat on the Au electrode
due to strong electrostatic attraction. The flattening of teth-
ered DNA on Au is shown directly by neutron reflectivity.z
The strong electrostatic interaction greatly inhibits the
binding that may be enhanced by backfilling the electrode
with alkane thiols, such as mercaptohexanols (MCH).2* The
"lifting" of the immobilized ssDNA from the Au electrode
due to MCH backfilling is directly shown by fluorescence?s
and neutron reflectivity.?3 Applying negative potential to
the electrode lifts the tethered ssDNA probe,2627 which
partly explains the significant enhancement in binding on
application of periodic electrochemical potential.12282% Sec-
ond, several studies have clearly demonstrated that electro-
static repulsion tends to reduce binding as the target as the
probe coverage increases.3%33 For example, measurement
of surface charge by electrochemical impedance spectros-
copy (EIS) indicates that DNA charge is not completely



screened by the ions in the solution to cause electrostatic
repulsion that limits binding at high probe coverage.3%3!
Surface Plasmon Resonance (SPR) studies probing binding
in real-time indicate that both kinetics and percent binding
depend on the probe converge.3* Studies controlling the
probe density shows the optimum coverage of the probe to
obtain efficient binding is in 2.5 x 1012 to 4.5 x 102
ssDNA/cm? range with,31.3536 or without MCH backfill.3* In
an interesting study, interprobe distance was fine-tuned us-
ing a DNA origami scaffold to show that an optimal distance
for efficient binding to achieve sensitivity of 1 fM was ~9
nm,37 equivalent to a coverage of ~1.6 x 10?2 ssDNA/cm?.

While careful studies on the chemistry of ssDNA immobili-
zation and its effect on percent binding have been reported,
surprisingly, little is understood about responsivity, i.e., ex-
plicit effect of current per molecular binding as percent
binding increases at fixed (optimum) probe coverage. The
responsivity is directly related to the sensitivity, and target
quantification that is determined by change in electrochem-
ical signal as a function of percent binding at fixed probe
coverage. It is expected that, at low binding fraction with a
large interduplex distance, dr, each molecule will contribute
individually to the redox current (Fig. 1(a)) where, the cur-
rent per molecule will be constant, independent of ensem-
ble size, i.e., ergodic. The current rise will be proportional to
the binding number fraction, i.e., colligative. However, as
the fraction of binding increases the diffusion domains, §,
will begin to overlap leading to lower current per molecule
(Fig. 1(a)), i.e., nonergodic and non-colligative. (The size of
diffusion domain, §, at a fixed potential scan rate, redox-ion
concentration, and ion diffusivity3” will typically be con-
stant during a readout process.) Considering each dsDNA
molecule as a nanoelectrode, the transition from individual
to overlap regime should occur at dr ~6Lp, where Lp is the
effective (average) radius of the nanoelectrode.38-4° In this
study, we attempt to locate the transition, and (im-
portantly) determining if this transition occurs in the range
of reported DNA array studies to measure [c]. A surprisingly
sharp transition in DNA electrode characteristics was ob-
served from the "single molecule regime" (i.e., ergodic, Fig.
1(a)) to the "planar electrode regime" (i.e., nonergodic, Fig.
1(b)). The single molecule regime with colligative response
could open DNA chip applications, such as using them as bi-
onanowires to interconnect individual proteins to underly-
ing electrodes.

To study the effect of percent binding at fixed (optimum)
probe coverage, the overlap of diffusion domains of redox
species between the dsDNA sites needs to be deconvoluted
to determine redox per dsDNA molecule. High sensitivity at
low percent binding is required with (direct) determination
of percent binding and probe coverage. Furthermore, no re-
dox background from pinholes in the passivation layer
should contribute to the overall signal, especially at low per-
cent binding where the signal will be low. To ensure no
background, we locally measure redox by averaging over
several (~6 um diameter) spots by differential interferom-
etry and reflectivity. The interferometry measurement en-
sures no background from the pinholes at the same spot
where the redox from dsDNA is measured by reflectivity.
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Similar to SPR based optical reflectivity methods to meas-
ure local redox;*143 the studied optical method also relies
on modulation in the interfacial refractive index during re-
dox. Here, the charge modulation at the interface during re-
dox is directly measured by applying a small AC potential to
produce a differential reflectivity and interferometry sig-
nals that are concomitantly probed to obtain at least three
orders of magnitude better sensitivity than cyclic voltam-
metry. From differential reflectivity sensitivity, the method
is over two orders more sensitive than SPR approach.*143

Experimental

Materials. All the chemicals used in the study are from
commercial sources (Supporting Information (SI), Section
$1). Ultrapure DNase/RNase free distilled water (Invitro-
gen®) was used to make all stock and buffer solutions. Two
types of synthetic probes and one synthetic target were
used (SI, Section S1). The ~22 nucleotide long synthetic
probes of sequence complimentary to miRNA 155 and 21,
respectively have a -(CHz2)s-SH linker at the 5’-end. The tar-
get is synthetic miR-155.

DNA Chip Fabrication. A 1 cm? Silicon chip (SiO2/Si) with
five 0.8 x 8 mm and two 0.8 x 6 mm (control) Au electrodes
were patterned by standard lithography (SI, Fig. S1). There
were four steps to make the DNA electrode in an array of
seventy-two 50 um diameter microwells (see SI, Section S2,
Fig. S2-S4 for details, and prior publication'?). The binding
in step 3, was performed electrochemically (SI, Fig. S4). The
chip was vigorously washed between each step by dipping
the sample for about 120 s in 50 mL beaker with
DNase/RNase-free water stirred at ~700 RPM.

Characterization: Probe Coverage (Np), Binding Cover-
age (N1), and Binding Fraction (f = Nr/Np). All the 72 mi-
crowells on each of the five electrodes of the chip were im-
mobilized with P155 probes. Different electrochemical re-
dox binding (EREB) condition was applied on each elec-
trode with fresh solution. The difference in miR-155 target
copy number in 500-uL solution of EREB before and after
binding was measured by qPCR (QuantStudio™ 3 Real Time
PCR, Applied Biosystems) to obtain target molecule cover-
age, Nt. The details of the qPCR method and the standard
curve are described in SI, Section S3.

Subsequently, the Au-S linkage was electrochemically
cleaved by applying a CV ramp from -1.0 V to +0.5 V in 50
mM K4[Fe(CN)¢]. The solution was analyzed by qPCR to ob-
tain the copy number of the cleaved probe (Np). From the
binding fraction, f = Nt/Np, as a function of EREB conditions
was obtained for each electrode. The Np was also measured
by fluorescence (SI, Section S6).

Probe-Target Binding Readout by Local Redox. The
probe-target binding was measured in a solution of 10 uM
MB and 50 mM K4[Fe(CN)e¢] in 100 mM PB (pH 7.6). The
(blue) MB* specifically binds to dsDNA and reduces to (col-
orless) leucomethylene blue (LMB).1220 The redox was
measured locally on a 6-um spot defined by the He-Ne laser
beam by an electrochemical-optical method.

Data quality. For an acceptable data set, the control elec-
trodes must satisfy the following conditions. (i) The redox
signal on microwells with P155 and P21 probes (with no



EREB) must be zero. No redox signal from ssDNA probes
(P155 and P21) indicates that the redox signal (on active
electrode) was exclusively from dsDNA. (ii) No redox signal
from the blank microwell should be observed. This con-
firmed that the MCH backfilling process was complete. An
important aspect (as discussed in Fig. 5) was to also confirm
zero background on the spot where specific binding is
measured. Well over 10 and 3 spots per active and control
electrode were measured to yield statistically robust data
that was absolute with zero background for different EREB
conditions. The redox signal for each spot was averaged
over at least 10 CV cycles.

The Electrochemical-Optical Readout

The underlining principle for measuring local redox is to
probe the (relative) change in the ionic charge at the solu-
tion/electrode interface as the applied potential, E, between
the electrode and solution (i.e., reference electrode) is var-
ied during CV. The charge is measured by the refractive in-
dex modulations.#* At equilibrium and quasi-equilibrium
states, the field emanating from the electrode is screened by
the electrical double-layer (EDL). However, close to the re-
dox potential, the faster exchange of electrons between re-
dox ions and the electrode compared to the slower diffusion
of (compensating) ions, the EDL will be significantly dis-
charged causing the field to penetrate deeper.*>4” The mod-
ulation in descreening of the field is measured by superim-
posing a small AC potential at a frequency of w on the CV
cycle. Typically, the amplitude and frequency of the AC po-
tential is 10-1 and 103 fold of the CV potential, respectively.
To ensure that the AC potential does not significantly per-
turb the electrochemistry during CV, the amplitude of the
AC potential is small enough to maintain linearity of the sys-
tem, i.e., second order effects (at 2w) are less than 1% of the
signal at w. As the redox current increases, the ion oscilla-
tions at o will increase due to the discharge of the EDL.
Thus, by measuring the amplitude of oscillation of ions at
the AC potential frequency, w, it is possible to quantitatively
measure the local redox current. As the beam can scan over
the electrode, the instrument is called Scanning Electrome-
ter for Electrical Double-layer (SEED). Both differential re-
flectivity (SEED-R) and differential interference (SEED-I)
are measured by SEED during CV. The SEED-R that probes
ion concentration modulation close to the electrode surface
is more sensitive to redox of ions that tend to adsorb to the
electrode surface. The SEED-I measures change in optical
path length due to ion concentration penetrating signifi-
cantly deeper in the diffuse EDL.

The principle for simultaneous measurement of differential
interferometry and reflectivity is derived and discussed in
detail in SI, Section S4. Briefly, the polarized beam is split
into two orthogonally polarized beams sample and refer-
ence beams, of equal intensity using a calcite crystal (CXL)
(Fig. 2). The reference beam was incident on the passivated
electrode, while the sample beam falls on the electrode sub-
jected to AC potential. The AC amplitude of 100 mV is small
enough that the system is linear. The reflected (sample)
beam with oscillating reflectivity of amplitude Ro (SI, Eq. (9)
and (10a)) and oscillating (interference) phase of ampli-
tude, ¢ (SI Eq. (3) and (4)) with respect to the reference
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beam, are superimposed in the CXL to form a polarized light
where the polarization direction is oscillating at w. The light
from the CXL is split again into two orthogonally polarized
lights by a Wollaston prism (Fig. 2). For the polarization of
the Wollaston at 45° with respect to the CXL, the AC and DC
intensities are measured on the detectors A and B (Eq. (12)
in SI). By electronically subtracting and adding the two sig-
nal, A and B at the respective detectors (Eq. (13), SI), nor-
malizing with respect to the total laser intensity, (A + B)oc,
and nulling the (A - B)ac signal (see "The Nulling", SI, Section
S4); both the A and R are obtained concomitantly in real
time during CV cycle as (also see, Eq. (15) and (16) in SI),

(4-B) 4 4 .

—(A+B)2E =A= THZO + k_26n5 (SEED-I raw signal) (1)
A+B)ac| _ p _ i .

—(A+B)Dc| =R = 2K,6n; (SEED-R raw signal) (2)

The AC signals are the (small) oscillation in the laser inten-
sity riding over the total laser intensity, (A + B)oc. The (A -
B)ac signal is the amplitude of oscillation in the intensity of
the light due to the interference between the reference and
sample beam. The (A + B)ac is the amplitude of oscillation in
the intensity of reflected sample beam due to AC potential.
The parameters in Eq. (1) and (2) are as follows: The am-
plitude of the path length oscillation due to the AC potential,
Zo is given by, zo * (dn./dc)k<8c->, where (dn-/dc) is the dif-
ferential refractive index of the anions, k is the penetration
depth of the AC electric filed, and <8c-> is amplitude of os-
cillation of anion concentration averaged over k (see Egs.
(2) and (3) in SI). The refractive index oscillation due to AC
potential at the interface is &ns = (dn-/dc)<8cs>, where
<d8cs> is amplitude of oscillation of the anion concentration
at the surface due to AC potential (see Eq. (10a) in SI). The
constants, k2 is complex refractive index of the electrode,
and Ki is defined in Eq. (10a) of SI

R is exclusively due to near-electrode modulation, 6ns (de-
fined in SI, Eq. (9)) while the former is a combination of
near-surface and far-surface effects (i.e., zo, defined in S, Eq.
(3)). An aspect worth mentioning about the optics is that the
interference occurs in CXL (rather than air); and the R and
S beams are close, about 100 pum apart, thus the drift and
differential thermal noise is very low.

Results and Discussion

The Nature of the SEED Signal. For all of the SEED studies,

the amplitude and frequency, w, of AC potential was 100 mV
and 2 KHz, respectively. The potential ramp rate for CV was
500 mV/s which corresponded to an effective frequency of
~0.36 Hz. To demonstrate the SEED-I and R modes, we con-
sidered two simple redox ions: K4[Fe(CN)e¢] and MB, respec-
tively. Fig. 3(a) shows a typical SEED-I raw data, A for 50
mM Ks[Fe(CN)e] in 100 mM PB over ten CV scans signal with
low noise. We superimposed each scan to obtain the aver-
age signal, <A> and <R> as a function of E. The error halo
was due to deviations among the scans (Fig. 3(b)). For the
same CV scan, while SEED-I signal, <A>, showed a strong ox-
idation and reduction peaks, SEED-R signal, <R>, exhibited
no redox peak (Fig. 3(b)). Based on Eq. (1) and (2), the os-
cillation near the surface, 6ns, was insignificant compared to
the cumulative, long-range oscillation of the ions, z, (as de-
fined in Eq. (3), SI). The z, was enhanced around the redox



due to a larger penetration distance of the electric field, x
(defined in Eq. (3), SI), leading to signal amplification. Thus,
the “near surface” effects were insignificant compared to
“far surface” effects for conventional turnover electrochem-
ical reaction at the electrode. The inference is reasonable
because [Fe(CN)s]*/3 does not adsorb to Au electrode.

We note in passing that although the absolute amplitude of
oscillation, <A>A/4m, of about ~2.5 picometers was well be-
low the diffraction limit, it does not break the diffraction
limit because we are measuring differential signal. Further-
more, consistent with previous study,*¢ Amax and Imax meas-
ured concomitantly during CV showed (as expected) a lin-
ear relationship (Fig. 3(c)). Although the signal-to-noise ra-
tio for CV and SEED-I are comparable (SI, Fig. S7), the peak
for the latter was much more well defined; and the area is
over three orders of magnitude smaller.

The nature of the response for MB is different (Fig. 3(d)).
Both R and A were observed, implying that both z, and &ns
are significant. However, as MB tends to adsorb on the Au
electrode,*® the SEED-R mode signal is significantly large.
As R had low noise; and it is only dependent on 6ns (see Eq.
(2)); to measure DNA binding by MB that binds to dsDNA,
SEED-R will be the primary signal. Importantly, we note that
two beams are not required for SEED-R. By clipping one of
the two beams exiting from the CXL and accounting for the
50% decrease in the incident intensity, i.e.,, (A + B)pc, the
SEED-R signal from one versus two beams is virtually un-
changed, indirectly substantiating the quantitative nature
of the optics (SI, Fig. S8).

The Signals from the Electrochemical Chip: Specific Binding
and Controls.  After the probe spotting, EREB, and MCH

backfilling, a typical SEED-R signal on a P155 spot that spe-
cifically binds to the target miR155 showed oxidation and
reduction peaks of MB*/LMB that was stable over several
CV cycles (Fig. 4(a)). The small error halo indicated good
cycle-to-cycle repeatability (Fig. 4(b). On the same chip, the
typical response for the controls showed the following:
First, the signal on the blank on the control electrode
showed no signal indicating that MCH passivated the elec-
trode, thus, the background from MB redox was unmeasur-
able. Second, the signal from ssDNA (for both P155 and P21)
did not exhibit any redox peak, implying that the signal of
binding was exclusively from dsDNA (i.e., the signal was ab-
solute). In other words, measured redox is exclusively via
transport of electron through the m-m stacking of base pairs
in the core of the double helix.*> For reliable data, all of the
controls were (strictly) satisfied (Fig. 4(b)).

The readout for percent binding is defined by the reduction
peak, i.e, MB* + e- = LMB. The baseline due to signal from
ubiquitous oscillations of the buffer ion at the interface due
to the AC potential is subtracted to obtain Rmax. Consistent
with a previous study on SEED-R with a single beam,'® Rmax
had logarithmic dependence on [c] for Ncv = 16 cycles (Fig.
4(c)). Five concentrations were measured per chip. The er-
ror-bar was based on ~10 points/electrode for a given [c].
The semi-log behavior, similar to conventional redox meas-
urements,54647 further supports the linear correspondence
between Imax and Rmax. The SEED-R for heavy metal redox is
also linearly proportional to Imax obtained by CV.48
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Importance of Zero Background: MCH Backfilling. To obtain
reliable data over a large range of f, blocking redox from the
voids in the MCH passivation layer is critical. We compared
characteristics from two chips at Nev = 32 cycles, [c] =1 M,
with incomplete and complete backfilling of the MCH pas-
sivation, respectively. For incomplete backfilling, the sec-
ond step of incubation was not performed. In SEED-], the re-
dox peak for [Fe(CN)s]*/3- was observed on the blank mi-
crowell of control electrode which was lower than base
electrode indicating (only) partial passivation (Fig. 5(a)).
No [Fe(CN)s]*/3- redox was observed for complete back-
filled chip (Fig. 5(a)) indicating void-free passivation. Also,
the MB*/LMB redox for the blank microwell on control elec-
trode, the incomplete backfilled chip showed a peak while
the complete backfilled chip had no redox signal (Fig. 5(b)).
Remarkably, Consistent with the reported absorption of MB
to Au,5? after exposing the incomplete backfilled chip to 10
uM of MB for 30 min followed by vigorous washing, the re-
dox of MB*/LMB persisted in solution without MB (Fig.
5(b)). Thus, the observation in Fig. 3(d) supports Eq. 2. (The
incomplete passivation led to a redox peak for MB in all of
the microwells (SI, Fig. S10).

The (serious) consequence of background redox from in-
complete MCH passivation for quantification is realized by
comparing the signals on the active microwell (Fig. 5(c)).
The redox peak for [Fe(CN)e]*/3- measured by SEED-I for
the incomplete backfilled chip was comparable to the blank
microwell (in Fig. 5(a)), while no peak was observed for the
complete backfilled chip. However, due to the voids in the
incomplete backfilled chip, the corresponding MB redox by
SEED-R on the same spot was significantly enhanced com-
pared to the completely backfilled chip (Fig. 5(c)). From the
calibration curve!? (SI, Fig. S11), the estimated [c] for the
complete and incomplete backfilled chips with Rmax of ~10-
4and ~4x104, respectively, was ~1 fM and ~103 fM. The 103
fold error in [c] due to the background is significant. A sim-
ilar sensitivity to background on error would be obtained
by measuring the current because the peak current is pro-
portional to log[c]. Therefore, elimination of the back-
ground due to backfilling is critical.

Regulating Binding Fraction (f) by EREB. EREB was per-
formed in a 500-pL solution. As the CV potential was posi-
tive, the negatively charged ssDNA targets were attracted
toward the electrode. As the potential was beyond +220 mV,
[Fe(CN)e]* oxidized to [Fe(CN)¢]3- causing the EDL to dis-
charge, similar to the principle of SEED. As a consequence,
the electric field penetration depth significantly enhanced
to sequester target ssDNA from depths beyond EDL thick-
ness of ~102 nm to diffusion thickness of typically 100 pm.53
As a result, due to the oxidation of [Fe(CN)s]* more ssDNA
targets from 100-fold larger distances were attracted to-
ward the electrode. The increase in Rmax for specific binding
by adding [Fe(CN)¢]* during EREB was by ~10- (SI, Fig.
S$12). From the calibration curve (SI, Fig. S11), the rise by
~10-* was an equivalent increase in [c] by well over two or-
ders of magnitude. Based on the binding kinetics map (SI,
Fig. S13), we chose the following EREB conditions to cover
the (largest) possible range of f: (i) for high fregime, Ncv was
constant at 32, while [c] was varied from 102 to 103 fM; (ii)



for low fregime, [c] was fixed at 100 fM; and Ncv was varied
from 2 to 28 cycles.

Master Curve: Rmaxas a Function of Binding Fraction (f). The
change in [c] of target molecules before and after EREB was
measured by qPCR to determine the copy number of the tar-
get molecules binding to the probes for each electrode (see
Experimental and SI, Section S2c). The number of target
molecules (before binding) in the EREB chamber for [c] =
102to 103 fM were 3 x 107 to 3 x 108. The samples were con-
centrated 100 times using small (<50 nts) DNA/RNA extrac-
tion columns (Clontech Lab., Inc). The efficiency of the col-
umn was measured to be 63.58% using 100 pM targets. The
concentrated solutions had a copy number of 6.02 x 108 to
8.43 x 1010, well within the linear region of the qPCR cali-
bration curve (SI, Fig. S5). From the difference in copy num-
ber, the coverage of target binding, Nt (in molecules/cm?)
was obtained. For the lowest binding fraction, at Ncv = 2, a
change in Ct value of 0.15 *+ 0.001 was measured which was
well within the sensitivity in the linear range of the standard
curve (SI, Fig. S5).

Subsequently, we measured the Np on each of the above
electrodes. The chip was washed, and the Au-S linkage was
electrochemically cleaved by applying a CV ramp from -1.0
Vto +0.5Vin 50 mM Ka[Fe(CN)s]. The Au-S linkage is known
to cleave due to high negative potential above -0.8 V.5* As
MCH and DNA were removed from the chip exposing the un-
derlying Au, a peak due to redox of [Fe(CN)es]*/3- began to
appear in differential interferometry (SI, Fig S12). The Amax
monotonically increased to plateau within 5 min (SI, Fig.
S15). After 5 min, the redox peak was similar to bare Au (SI,
Fig. S16) indicating all of the DNA and MCH molecules were
removed. From the qPCR on the cleaved probes, the Ct value
of 22.615 + 0.075 was well within the linear region of the
standard curve (SI, Fig. S5) with an estimated copy number
of aprobe of 3.51 £ 0.76 x 10%1in 3.75 pl of RT reaction or an
estimated coverage of Np of 2.93 + 0.14 x 102 copies/cm?.
The cumulative error bar over 20 chips was remarkably
tight. We note in passing that the tight error bar is primarily
attributed to the "clean Au electrode" due to Oz-plasma after
lithography. The f (=N1/Np) was obtained for each chip from
the respective Np and Nt measured by qPCR. The resulting
range of f obtained was 3.3x10- to 1.28x10-! corresponding
to an average Rmax of 3.92x10-¢ to 2.33x10-* which was well
within the measurability of SEED.

To ensure the reliability of the qPCR method, we obtained
coverage by fluorescence in an independent experiment
(for detailed discussion see SI, Section S6). Briefly, the
probes with Cy-3 tag were immobilized on a patterned Au
electrode. The peaks were resolved by fitting a Gaussian
curve (S, Fig. S17(a) and Table S1). A calibration curve was
obtained by measuring Cy3 fluorescence peak, Ir as a func-
tion of known amount of molecules deposited on MCH pas-
sivated Au surface of same are area (SI, Fig. S17(d)). From
the fluorescence of immobilized probes and the calibration
curve, the probe coverage, Np, was estimated to be 2.9 + 0.4
x 1012 molecules/cm?. The error was based on five chips.
The coverage measured by fluorescence and qPCR was con-
sistent, indicating that the coverage of probe ssDNA was
uniform in the 50-pm microwell.
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Discussion on the Master Curve: Single Molecule Electro-
chemistry. The "universal” behavior of Rmax versus f that is
independent of the binding method exhibited two remarka-
bly clear regimes with a transition at fr ~ 1.25x10-3. Alt-
hough the transition appeared sharp due to the independ-
ent curve fitting in the two regions in Fig. 6(a), it was rea-
sonably broad (Fig. 6(b)), in the magnified view. The broad-
ening may be attributed to local fluctuations in ssDNA and
dsDNA number densities.

At f < fr, Rmax was linearly proportional to f, indicating the
colligative nature of the electrochemical signal where each
probe-target molecule is an independent "nano-electrode,”
i.e,, a single-molecule monolayer electrode (SME). In the
SME condition, the average signal per molecule, Rmax/N ~
3x108, is independent of the ensemble size, N over a broad
measurable range from about 270 to 1000 molecules, i.e. er-
godic regime (Fig. 6(a)). At the lowest measured value of f
~3.3x10* (Ncv = 2, [c] = 100 fM), Rmax of 3.9x10-¢ was well
above the baseline with reasonably low variations among
various microwells on the same electrode (Fig. 6(c)). From
ratio in the sensing area, the corresponding responsivity at
the lowest f measured 270 dsDNA molecules or 0.45 zep-
tomoles was well over two orders of magnitude lower than
the reported attomolar sensitivity of amperometric de-
vices.11.21,49

The average intermolecular dsDNA spacing, d, at threshold,
fr, was dr ~ 80 nm. Assuming a classical picture (Fig. 1),3840
the effective radius of the dsDNA molecular electrode, Lp,
was 80/6 ~13 nm. The result may be fortuitous but reason-
able: As the dsDNA was well within the persistence length
of ~39 nm, the 23 nt dsDNA is a rodlike chain of a contour
length of ~13 nm (including the methylene linkage). Thus,
the effective radius carved by the tethered dsDNA due to
thermal motion will lead to a molecular electrode of radius,
~13 nm.

At f > fr, the rise in signal was significantly slower, corre-
sponding to Rmax ~ %5 which can be explained as follows. As
each dsDNA can be considered to be a nanoelectrode, 6 is
proportional to Lr.32 Due to the overlap at f > fr, the diffusion
domains will be clipped to ~d/a (assuming the ions will be
partitioned among the « nearest neighbours, where the co-
ordination number, « would be typically between 3-6). As a
result, current (per dsDNA electrode) is proportional to
d/a. Because Rmax is linearly proportional to the current,
Rmax/N ~ d/a. By geometry, N ~ f and d ~ N-05, therefore,
Rmax ~ %5 and Rmax/N ~ N5, consistent with the observa-
tion (Fig. 6(a)). Thus, each dsDNA behaves as an individual
molecular electrode (or a nanowire) with redox kinetics
similar to a classical nanoelectrode disc of radius, Lp ~ the
molecular length.

The current from individual dsDNA was estimated by differ-
ential pulse voltammetry (DPV) (Section S7, SI). DPV after
EREB and MCH backfilling was measured in the same
MB/K4[Fe(CN)e] solution as SEED. All of the 72 microwells
on the five active electrodes of the chip were immobilized
with P155. The EREB condition was Ncv = 5 and [c] = 1 fM
corresponding to f ~ 7.8 x 10-*. Fresh solution was added for
each EREB on each electrode. Two chips were tested to
measure DPV and Rmax. Of the ten electrodes measured;



seven had low Rmax ~ 1.5 x 105 averaged over ~10
spots/electrode indicating complete MCH backfilling. Some
spots on the three electrodes exhibited possible defects,
with the worse electrode showing Rmax ~ 3 x 10-5 averaged
over 10 spots (SI, Fig. S18). The DPV current for MB redox
ranged from 13 to 15 nA for good MCH backfill, while the
currents for the worst backfilled electrode was ~100 nA
(Fig. 7). At the lowest recorded current of 13 nA, the esti-
mated current per dsDNA molecule was ~4.1 fA or 2.5x103
electrons/s. The current may be a slight overestimate be-
cause there may (still) be a possibility of some leakage cur-
rent via that could contribute to the total DPV current.

For the same MB/K4[Fe(CN)¢] solution, the DPV current on
a bare Au electrode was ~1.3 pA (SI, Fig. S19). The maxi-
mum adsorption of MB on Au is ~1.5x10'* molecules/cm?
on (completely) thiolated Au.52 Similar to DNA immobiliza-
tion, assuming ~1% efficiency for pristine Au, the estimated
redox current per MB molecule is ~3.8x102 electrons/s,
which is reasonably close to the DNA molecule electrode.

Assuming the semi-log behavior of log[c] versus redox sig-
nal by SEED'? (Fig. 4(b)) and amperometric!14950 are in the
same percent binding range, then it appears that the opera-
tion was in the non-ergodic regime where the signal per du-
plex is dropping rapidly with square root power law.

Summary

An optical method to measure local electrochemical reac-
tion on a 6 pm laser-spot was developed to concomitantly
perform differential reflectivity (SEED-R) and interferome-
try (SEED-I). The local reaction appeared as peaks, Rmax and
Amax for SEED-R and SEED-], respectively, that were linearly
proportional to corresponding local redox current peak, Imax
(by CV obtained simultaneously). For nonabsorbing redox
ions, only Amax was observed. For ions that tend to adsorb to
the Au electrode, the Rmax signal was significantly dominant.
Characteristics of a DNA electrode were studied, using
SEED, as a function of the fraction of target ssDNA binding
to immobilized ssDNA probes. The redox was exclusively
from MB that binds to the dsDNA.

At constant ssDNA probe coverage of ~3 x 1012/cm?, the
fraction of binding, f was varied over three orders of magni-
tude from 3.30 x 104 to 1.28 x 10-L. It was discovered that,
the redox per dsDNA as a function of f had a remarkably
sharp transition at f = fr ~ 1.25 x 10-3. Below fr, the Rmax per
molecule (due to MB redox) remained constant over an or-
der of magnitude of f. In this regime, each molecule func-
tioned as an individual dsDNA nanowire electrode. The sig-
nal per dsDNA was independent of number of dSDNA mole-
cules (ergodic). In this single-molecule regime, the intermo-
lecular distance between dsDNA molecules was estimated
to be above 80 nm for 23 base pair dsDNA. Above fr, redox
per molecule rapidly decreased as f%° as classically ex-
plained by overlapping of the redox domains of individual
molecules (nonergodic). The Rmax measured at lowest f of ~
3.3 x 10 corresponded to ~270 dsDNA molecules, i.e, a
responsivity of 0.45 zeptomoles. Using DPV, the current per
dsDNA molecule was estimated to be, ~4.1 fA or 2.5 x 103
electrons/s. We conclude that by comparing the SEED data
with published amperometric measurements, it appears
that the studies to estimate target concentration, [c] are in
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the nonergodic region where signal per binding changes as
£05,
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FIGURES

Single molecule dsDNA electrode
diffusion-flux domain ssDNA dsDNA

Planar dsDNA electrode

Figure 1: Electrochemical nature of DNA electrode. As the tar-
gets bind to immobilized, ssNA probes, the dsDNA will behave
as (a) individual "nanoelectrodes”; and then (b) planar elec-
trode; as binding fraction increases.
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Supporting Information

S$1. Chemicals and DNA handling

The photoresist SU8 and developer were purchased from Microchem. Acetone, ethanol,
hydrogen peroxide (40% v/v), concentrated sulfuric acid, and cyclopentanone were
chemical grade and purchased from Sigma-Aldrich. Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP), 1-mercapto-6-hexanol (MCH), potassium ferrocyanide, and
methylene blue (MB) were purchased from Sigma-Aldrich. Reference electrodes
required a silver wire, reference filling, and reference electrode storage solutions
(Sigma-Aldrich). Phosphate monobasic and phosphate dibasic (Sigma-Aldrich) were
used to prepare 1.0 M stock solution of phosphate buffer (the amount was calculated
using the Henderson—Hasselbalch equation for a final pH = 7.6). Reagents for PCR,
SYBR® Green miRNA assay were purchased from Clontech Lab Inc. DNA/RNA probes
and targets with or without thiol or Cy3 modifications were synthesized by Integrated
DNA Technologies, Inc (IDT).

All DNA/RNA were received in lyophilized form and substituted with DNase/Rnase-free
water to 1 mM final concentration. These stocks were stored at -20 °C. From 1 mM
master stocks, 10 uM processed probes or unmodified targets were aliquot in 10 pl and
stored at -20 °C. Each 10-ul vial was used once to avoid any potential damage to the
nucleic acids caused by repeated freeze-thaw cycles.

S2. Chip Fabrication, Spotting, EREB and MCH Backfilling

There were four steps to make the DNA electrode in an array of seventy-two 50 ym
diameter microwells by spotting followed by binding and backfilling steps (Figure 2(b)).
First, 50-um diameter microwells were patterned by photolithography using 500-nm
thick SU8 photoresist (Figure S1 and S2(a)). Each of the five electrodes had a matrix of
6 x 12 microwells, while the two small electrodes had three microwells each. Second,
the chip was exposed to oxygen (Oz) plasma (at 500 mTorr, 65 W) for 60 sec to clean
the remaining SU8; and ssDNA probes were spotted on each individual microwell using
a home-built spotter (Figure S2(b) and S3(a)). Third, the binding was performed by
applying a potential between the electrode and the solution containing the target, miR-
155 (Figure S2(c)). The five large electrodes were subjected to the probe-target binding
process, while no potential to bind was applied to the smaller electrodes. Thus, the
microwells on the smaller electrode served as controls where no binding occurred.
Fourth, the exposed Au electrode was backfiled with MCH (Figure S2(d)). As
described, the binding was performed electrochemically and backfilling was a two-step
process to ensure complete passivation of the electrode surrounding the DNA. Each of
the four steps is discussed below.
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a) Step 1: Chip fabrication — The microarray was made on a 1.2 by 1.2 cm silicon (Si)
chip with ~200 nm silicon dioxide (SiO) (thermal oxide) to provide an insulating surface.
Gold (Au) electrodes and accompanying circuitry for power and signal on the chip were
patterned at the wafer level using standard photolithography followed by dicing of the
wafer to make chips. The electrodes were 40 nm Au on 10 nm titanium (Ti) on silica.
The Ti was used to promote adhesion between the silica and Au. The chip was coated
with SU8 photoresist to make 72 and 3 holes of 50 um diameter on the longer and
shorter electrodes, respectively, using a standard photolithography process (Figure S1).
Briefly, the chip was cleaned in acetone, water, and ethanol followed by oxygen (O5)
plasma and subsequently immersed in piranha solution for ~60 sec. The chip was dried
by blowing clean nitrogen (N,) through a 0.2 pm Millipore™ filter. Photoresist SU8
(MicroChem 2025) was diluted by adding three times the volume of cyclopentanone
which was spin cast onto the chip at 3,000 rpm for 60 sec to produce a ~500-nm thick
film. The chip was prebaked for 45 s at 80 °C. The film was exposed to xenon (Xe) light
(300 W) for 45 s through a contact mask with a chromium (Cr) metalized pattern on
quartz. The chip was post-baked for 45 s at 80 °C and developed in MicroChem SU8
developer in a sonicator for 5 minutes. The chip was washed with water/isopropanol for
~60 s and hard baked at 180 °C for 1 hr. The resulting pattern on each electrode was a
microarray of 50 ym holes exposing the underlying Au electrode

b) Step 2: Probe Spotting — After photolithography, the chip was exposed to O, plasma
to clean the leftover organics and expose the electrode in the microwell. The chip was
then hard baked at 180 °C to improve the adhesion and make the SU8 (back to being)
hydrophobic. Individual solutions of the probes P155 and P21, were prepared in a
volumetric ratio of one part of 1 mM ssDNA probe and five parts of 500 mM TCEP
solution at pH 7. The solution was mixed and incubated at 25 °C for 1 hour. The
solution was subsequently diluted with 1M PB at pH 7.6 to obtain a final concentration
of 2.5 uM probe. The TCEP was utilized to cleave the disulfide linkages between the
thio-groups among the probe molecules. The thiolated probe solution was spotted on
each microwell using a 20 um capillary pin (Arrayit® 20 um tip) with the sample on a
computer-controlled motorized X-Y stage arm and machine vision (see Figure S3(a)).
The drop was released by surface tension on the hydrophilic microwell. The drop was
confined to the microwell owing to the hydrophobic nature of surrounding SU8 resist
(see Figure S3(b)). The probe immobilization was allowed for 2 hours. The chip was
cooled to 10 °C and maintained in a humid environment to avoid evaporation of the
approximate 100 nL drop during the immobilization process. Throughout the study on
the short (control) electrode, the three microwells had no probe (i.e., blank), P155, and
P21, respectively. The other five (active) electrodes had all of the 72 microwells
immobilized with P155.
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Figure S3: DNA probe immobilization (a) The schematic of the spotting. The inset is
the capillary pin used to dispense the solution. (b) An optical image of the ssDNA
probe solution droplet confined to the microwell. The drop was held by surface
tension.

c) Step 3: Electrochemical Redox Enhanced Binding (EREB) — The binding was
performed electrochemically using a potentiostat (Autolab, Metrohm) in a cyclic
voltammetry (CV) setup on each of the five larger electrodes using a silver/ silver
chloride (Ag/AgClI) reference electrode (RE) (Figure S4). The CV ramp was from -0.4 to
+0.3 V at a rate of, s = 0.05 V/s. The solution had synthetic miR-155 target of
concentration [c], in 100 mM PB (pH 7.6) with 50 mM K4Fe(CN)s]. The amount of
binding was regulated in two ways: (i) [c]; and (ii) number of CV ramp cycles, Ncy. For a
low amount of binding, [c] was fixed at 100 fM; and N¢y during EREB was varied from 2
to 28 cycles. For a high amount of binding, Ncv was constant at 32, while [c] was varied
from 10° to 10° fM. As the electrochemical binding in this study was <15 min (at
maximum Ncy = 32 cycles), compared to ~18 hrs for conventional process by diffusion,
there was no significant binding at Ncy = 0. Thus, EREB on each active electrode can
be considered to be an isolated experiment. For small control electrodes, Ncy = 0. As a
result, five EREB conditions were measured for each chip. The volume of the solution
for EREB was 500 uL. The chamber was disassembled and washed after each EREB
cycle.

reference target solution Figure S4: A schematic of the
© counter three-electrode setup for EREB
electrode process. The reference electrode

was silver/silver chloride (Ag/AgCl),
and the counter electrode was
platinum (Pt) wire. CV between one
of the five “active electrode” and
solution was applied for a fixed

I number of cycles, N, .

? Potentiostat
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d) Step 4: MCH backfill — Backfilling was one of the critical aspects of the fabrication.
The MCH immobilization (i.e., backfilling) was performed in two steps. The chip was
exposed to vapors from a 0.5-mL solution of 10 mM MCH in DNAse/RNAse-free water
at 37 °C for 10 hr. The chip was dry with no condensation of water during the process.
After rinsing in autoclaved deionized (DI) water, the chip was then immersed ina 2 mL
solution of 10 mM MCH in 30% HPLC grade ethanol for 3 hours with vigorous shaking
at 100 rpm in an incubator at 37 °C. The second incubation step is critical to plug the
small holes in the MCH layer. The chip was subsequently rinsed and immersed in
solution for SEED measurement.

S3. qPCR Analysis for Probe Coverage and Fraction Target Binding

The SYBR® Green method (Clontech Lab., Inc) was adopted to perform the cDNA
synthesis and quantitative polymerase chain reaction (qQPCR) measurements
(QuantStudio™ 3 RT-PCR, ABI, USA). Briefly, 3.75 L of a standard solution with a
known concentration was added to reverse a transcriptase buffer and enzyme (the final
reaction volume was 10 pL). The reverse transcriptase reaction was allowed to incubate
at 37 °C for one hour, followed by denaturation of the RT enzyme at 85 °C for five
minutes. The synthesized cDNA was diluted by 10-fold. A 0.8 pL portion was added to
the master stock (SYBR Advantage Premix, ROX, miRNA-specific 5' and 3' primers)
resulting in the final volume of 10 pL. Melting curves on qPCR products were also
generated to confirm the specificity of the amplification. After gPCR, the data was
analyzed while setting the threshold fluorescence to a constant value of 0.059 arbitrary
units. The threshold was set to a constant for biological replicates. Based on Ct values,
the number of probes or targets was calculated from the standard curve.

Figure S5 shows the standard curve for both the probe and target measure from known
amount of synthetic ssDNA molecules in the RT-mixture.

Target Probe
35 - y=-3.219x + 53586 Yy =-3416x +57.024
3p | =099 R?=0.995
© o5 [T Targetbmdng _ Figure S5: The standard curve of
30— T __;1_;;00_5;‘:‘?"’" the probe and target for SYBR-
g 15 - I @ 29x 167 copesem?  Green qPCR. The copy number is
8 10 | | S the number of molecules in the RT ]
5 | | (a) mix for cONA conversion. Below 10
| number of copies, the CT value the
0 5 ' '1'6' - 12 - '1'4 curve becomes nonlinear.

log,(Number of Copies)
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Figure S6: Beam path in SEED. a) The input polarized light is split into two beams
by CXL. b) The output beam is then split by a Wollaston prism with polarization at
45° with respect to the input beam polarization by CXL.

S4. The Analysis of SEED Optics

Phase modulation of the reflected light

As shown in Figure S6(a), the polarized light is split into sample and reference beams,
of the electric field given by

E,. = roei(%)t (1a)

2TTC

E, =s,e (GDt+y) (1b)

where, w, is the frequency of the light; g is a phase introduced by the compensator
(and the SU8); and the polarization of the incident beam such that amplitudes (i.e.,
intensities) r, = s,.

Because of the AC potential at w, the path length, p.l. modulated as
d
p.l.= (fK =t 5c,dx f —60 dx) coswt = z,coswt (2)

where, dn/dc is the differential refractive index, a constant, dc is the amplitude of
oscillation of the ions in the interfacial layer due to the AC potential, K, is the penetration
depth of the electric field emanating from the electrode into the solution, and z, is the
amplitude of the path length oscillation due to the AC potential. Usually, the
polarizability of the anion is significantly larger due to uncompensated electrons, thus, e
Z, is governed by concentration of anions, c. compared to cations, c., in the solution.
Assuming the system to be linear, a good assumption is that the second order signal at
2w is very small, the amplitude of path length oscillation at w is given by
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Zo ~ = K(Sc_) 3)

where, <...> is the spatial average. The resultant phase modulation due to the path
length modulation, z, is

¢ = 2fzocoswt (4)
where, A = 633 nm is the wavelength of the He-Ne laser beam.
Thus, the optical electric fields (in Eq. (1)), after reflection, is given by
E, =r,el(5)t (5a)
E, = roei[(%)”‘l’*‘f’] (5b)

Furthermore, another phase difference, a, is introduced due to reflectivity at the
electrolyte/electrode interface relative to the SU8/electrode interface. Thus, the reflected
light will be

ET = ‘r‘oei(%)t (63)
E, = Rr,ell(F)erv+o+al (6b)

where, R is the reflectivity of the sample beam relative to the (constant) reflectivity of the
reference beam. As a result, the reflectivity to the reference beam is set to 1. From
Fresnel's law, the complex reflectivity amplitude is given by

= 172 = pela ()
Ni+N,
where, N1 = <n4 - iky> and N3 = n; - ik, are complex refractive indices of the electrolyte
at the interface and electrode, respectively. Typically, the Fresnel reflectivity, Rg, due to
MB, <n4>~ 1.5 and <k{> ~ 10‘3; and 633 nm for the Au electrode, n, ~ 0.21 and k, ~
3.24, Eq. (7) can be approximated as,

_ 2(ng)n,
(nq)2+k3

R=Ry=1 —1-K', (8a)
— 2(nq)

. (8b)

To derive Eq. (8) from Eq. (7) we have assumed, ki << ks, (<n1>)? >> (n,)%, and <ni>k
>> nykq. To note is that for typical values of the solution and the electrode, K's ~ 0.05
and a ~ 0.86 radians.

The AC potential will also modulate the reflectivity via the oscillation of the ions in the
vicinity of the electrode surface. As the Fermi level of Au is lower than the solution,” the
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interface (very close to the surface) will primarily have anions. Thus, in the vicinity of the
surface, the refractive index of the solution due to the AC potential is given by,

ng = (nyg) + %(5cs)coswt = (ny) + dngcoswt (9)

where, constant <n:s> is the (spatially averaged) effective refractive index of the
solution at the Au surface, and <dcs> is the spatially averaged amplitude of oscillation of
the anions at the surface. Thus, substituting <n{> = <nss> in Eq. 8, the oscillation in the
Fresnel reflectivity due to the AC potential can be obtained as,

_ 2(nys)n, (k3—(n1s)?)
RF =1- m - ZW(Snscoswt
=1-K,—K;0n,coswt =1—K, — R,coswt (10a)
o = 2ms) | 2005 st (10b)
k, k,

In summary, the amplitude of the reflected beam is given by, Eq. 6, where, ¢ is given by
Eq. (4) and (3); Rr and a are given by Eq. (10) and (9); and y is a constant phase angle
regulated by the compensator for nulling as discussed below.

Signal Detection

Next, we calculate the intensities, A and B at the two detectors after superposition (i.e.,
interference) occurs in the CXL. (This is advantageous because of the reduction in
thermal noise that would occur if interference occurred in air.) To reduce thermal noise
further, the CXL is mounted in an insulating foam. The output beam is then split by a
Wollaston prism with polarization at 45° with respect to the CXL (Figure S6(b)). As a
result, the amplitudes on detectors A and B are

1

Ey =E(Er+ES) (11a)
1

Ep = 7 (B, — E) (11b)

where, E; and Eg are given by Eq. (6) with all of the phases and reflectivity given be Eq.
(4) and (10). Thus, the power (i.e., the intensity of the light), that is measured on each
detector given by, EA(Ea)* and Eg(Eg)*, is

A= [12 + R2r2 + 2RorZcos(P + b + )] (12a)
B = %[ro2 + R2r2 — 2R, ricos(Y + ¢ + )] (12b)
The Nulling

The intensity measured on the two detectors (Eq. (12)) have both AC and DC
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components. By adding and subtracting the two differential signals (using simple
hardware), the signal from Eq. (12) becomes,

(A—B)ac+pc = 2Rycos(P + ¢ + a) (13a)
(A+ B)acipc = 1+ RS (13b)

The added and subtracted AC signal after amplification by the lock-in amplifier tuned at
w (see Figure 3 in main MS and Figure S6), and the DC signal is directly hardwired into
the computer. As noted above, the AC oscillations are very small to maintain the
linearity of the measurement. The higher harmonics (that can directly be measured from
the lock-in-amplifier) of w are at least three orders of magnitude lower. As a result, the
AC amplitude of Rg, ¢, and a are <<1. By collecting only the first harmonic term at w,
from Egs. (8), (10), and (13),

(A-B) ac

B 21 —K,)cos( + ¢ + a) (14a)
(A+B)ac| _ _
(A+B)DC| = 2(1 — K,)K,6n, (14b)

where, the normalizing DC signal, (A+B)pc, measured by passing the signal through a
low pass filter is (r,)°. To note is that the AC oscillation term, Kinscos(wt), in Eq. (10) is
dropped because it will lead to second harmonics.

Away from the redox, the compensator is adjusted such that @y = 11/2. This is obtained
by adjusting the compensator so that the baseline is minimum and flat. The important
aspect of the optics is that because the two beams are always close, <100 um apart,
the thermal environment is similar, leading to very stable y that does not require
feedback during the measurement. For y = 11/2 and dropping higher harmonic terms
and considering that the oscillation amplitudes are small, the normalized output raw
signal at the computer measured in real time (see Figure 3(a)) becomes,

(A-B)ac| _ am

(A+B)pcl A= 7 2o + 5ns (SEED-I raw signal) (15)
(A+B)ac _ .

(A+B)DC| =R = 2K;6n; (SEED-R raw signal) (16)

Both R and A are dimensionless quantities that may now be compared to understand
the observation made in each mode.

General remarks:

e The interferometry signal, i.e., SEED-I in Eq. (15) is a linear combination of
the SEED-I and SEED-R signals, while SEED-R measures near-surface
phenomena exclusively.

e There is some amount of amplification in the SEED-I signal because z,
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includes oscillations extending "deep" into the solution, while the signal is
from the near-surface process for reflectivity.

e SEED-I should always vyield a signal, while the signal may be weak for
conventional redox processes in SEED-R where the redox ions are in the
solution.

e SEED-R may be more sensitive to redox ions confined to the surface.
e In principle, only one beam is needed for SEED-R.

e Both <6c> (in Eq. (3)) and <dcs> (in Eq. 9) are linearly proportional to the
(local) redox current, where the proportional constant will have to be
calibrated.

S5. Figures S7 to S16

Following are nine illustrations that aid the discussion in the main manuscript.
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Figure S7: Using the setup in Figure 2, the CV and SEED-I were concomitantly
measured for 50 mM K4[Fe(CN)g] in 100 mM PB at a ramp rate of, s = 0.05 V/s. The
SEED-R signal was from the 6-pm spot of area 2.83 x 10”7 cm?; and the CV signal was
from all of the 72 microwells with a combined area of 1.41 x 10 cm?. Thus, the area of
SEED-I was 5 x 10°-fold smaller than CV.
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Figure S8: Comparison between SEED-R signal with two beam (i.e., Figure 2) and

clipping the reference beam after the CXL.
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Figure S10: Typical oxidation (blue) and reduction (red) SEED-R signal on the
control electrode for the three microwells (blank, P155, and P21) when the

backfilling was not complete. All of the spots on each microwell showed a positive
signal.
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Figure S11: The SEED-R
signal as a function of
target concentration, [c].
The probe and target were

P155 and miR-155,
respectively. The fitness,
R > 0.96, indicated

excellent correlation over a
dynamic range of five
orders of magnitude. The
data was reproduced from
our previous publication.?
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Figure S12: Effect of including auxilary redox ion, [Fe(CN)s]* on EREB.
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Figure S16: Comparison of SEED-I redox signal for 50 mM K4[Fe(CN)g] in 100 mM
PB on (a) pristine Au after cleaning with piranha solution and (b) a Au electrode after
the MCH was electrochemically removed. The nominally similar signal indicated that
the removal of MCH after 5 min was complete.

S$6. Fluorescence Analysis for Probe Coverage

The P155 probes tagged with Cy-3 fluorescent dye at 3’ (Cy3-P155) were immobilized
on the Au electrode of a chip. The electrode was a 0.08 cm x 0.8 cm rectangle
patterned by lithography. A fluorescence emission spectrum was recorded at an
excitation wavelength of 550 nm (F-4500 Fluorescence Spectrophotometer, Hitachi)
(Figure S17(a)). The peaks were resolved by fitting three Gaussian curves at the

S-15



Supporting Information

wavelengths noted in Table S1. The Gaussian peak at the wavelength of 551.7 nm
corresponds to Au (Peak 1), 574.0 nm to Cy-3 (Peak 3), and 641.6 nm to P155 (Peak
2).

To avoid the quenching Cy3 dye, the gold surface was passivated with dielectric MCH.
As shown in Figure S17(b), 1.51 x 10" Cy3-P155 molecules/cm? showed a peak at
574.0 nm for Cy3 with negligible height (~0.01 a.u.), which improved by fourfold (0.42
a.u.) after MCH backfilling.

The deconvoluted Gaussian fluorescence curve, I, was obtained for films with a known
amount of Cy3-tagged probe molecules deposited on a 6.4 x 10 cm? Au surface
(Figure S17(c)).

A calibration curve was obtained by measuring peak of I as a function of known
amount of molecules deposited on MCH passivated Au surface of same area (Figure
S17(d)). From the fluorescence of immobilized probes (Figure S17(a)) and the
calibration curve (Figure S17(d)), the probe coverage, Np, was estimated to be 2.9+ 0.4
x 102 molecules/cm?. The error was based on five chips. The coverage measured by
fluorescence and qPCR was consistent, indicating that the coverage of probe ssDNA
was uniform in the 50-uym microwell.
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Figure S17: (a) Fluorescence emission spectrum of Cy-3-tagged ssDNA on a Au surface excited
at 550 nm. (b) Gaussian peaks for the Cy3 fluorescence before and after MCH backfilling for
1.51 x 10" Cy3-P155 / cm?®. (c) Fitted gaussian fluorescence peaks from different amounts of
Cy-3-Ibled ssDNA probe film. (d) Calibration curve showing linear fit of log1o(probe copy number,
i.e.. coveraae) as a function of I.
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Table S1. Gaussian parameters obtained from fitting the experimental data in Figure S17.

Peak Number
1 2 3
K (nm) 4.4 +£0.01 15.4 +0.11 15.0+0.13
Lambda (nm) 551.7 £ 0.01 574.0 £ 0.04 641.6 £+0.13

S7. Differential Pulse Voltammetry (DPV)

The chip was fabricated similar to that described in Section S1. The EREB was
performed at Ncy = 5 cycles and target concentration of 1 pM. The electrode was
subsequently backfilled. Among the two chips fabricated, the Rnax for MB reduction on
electrodes with good MCH backfill averaged at ~1.5x10 with no redox signal for
[Fe(CN)6]4'/3. On the same chip, two electrodes with accidental defects at a few spots
leading to poor backfill showed a twofold larger Rmax and a redox signal for [Fe(CN)e]*">.
A typical SEED signal for poor MCH backfill is shown in Figure S18.

To circumvent the overriding large capacitance current observed in CV, redox is
measured by differential pulse voltammetry (DPV). DPV was performed using Autolab
NOVA 2.1 on all of the electrodes with the following conditions: step = 0.005 V,
modulation amplitude = 0.02 V, modulation time = 0.005 s; and interval time = 0.5 s.
Consistent with the SEED results, the current due to MB reduction on a poorly backfilled
electrode was significantly larger.

The DPV for 10 yM MB and 50 mM K4[Fe(CN)g] in 100 mM PB (pH 7.6) showed a
strong peak due to MB reduction (Figure S19).
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