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ABSTRACT

Change in the dynamics of ssDNA or RNA probes tethered to Au electrode on immuno-specific
binding to analyte is a versatile approach to quantify variety of molecules, such as, heavy metal
ions, pesticides, proteins, and nucleic acids. A widely studied approach is electrochemical
beacon method where redox of a dye attached to the probe decreases as its proximity to the
underlying electrode changes on binding. The limit of quantification (LOQ) defined by the semi-
log dependence of the signal on target concentration is in picomolar range. Here, a method was
studied where, by differential reflectivity, multiple reactions were measured on a monolith
electrode. An alternative contrast mechanism was discovered that led to an approach to enhance
the LOQ to 10 attomolar and increase dynamic range to seven orders of magnitude, using similar
probes and binding conditions. Quantitative analysis on sequences with G-C fraction ranging
from 37% to 72% were studied. The approach will allow development of label-free, enzyme-
free, microarray to detect biomolecules including nucleic acids and proteins on a single electrode
at quantification from 10 aM to 0.1 nM with high specificity.
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INTRODUCTION

Single stranded DNA (ssDNA) tethered to Au electrode is a broad platform to develop highly
specific electrochemical biosensors for wide range of analytes by measuring change in the
interfacial property on binding.*? One pervasively studied principle is to detect the analyte by
measuring the change in the molecular dynamics of the tethered ssDNA on binding.>-> The
concept is a highly versatile platform where, the ssDNA sequence of the “DNA brush” can be
engineered with complexities, such as, aptamers with hairpins,®*® to target small analytes such as,
heavy ions’!'! and organophosphorus pesticides,'>!* to larger biomolecules, such as, HER2
protein for breast cancer screening,' thrombin and cocaine,'? interferon-gamma,'®¢ SARS-CoV-2
spoke glycoprotein,'” and circulating biomolecules in blood.!® !° The change in chain dynamics
can be conveniently measured as an active electrochemical signal by attaching a redox active
compound, such as, methylene blue (MB)?° or ferrocene (Fc)?! to the free-end of the probe
ssDNA. Because the electrochemical signal of binding depends on the proximity and
accessibility of the redox reporter to the electrode, the platform strategy is referred to as

“electrochemical beacon”.?

In the simplest configuration, the fully unfolded probes are 10 to 50 nucleotide (nt) long and are
usually modified at the 5’-end with a thio-group via a flexible spacer, for example, HS-(CH2)s-
[ssDNA]-3’, that can spontaneously bind to Au electrode via a strong Au-S bond. The alkyl-
chain spacer provides the flexibility to enable efficient binding to the analyte.?*>* Typical
coverage of the probes on the Au electrode is around 5 x 10'? molecules/cm?, amounting to inter-
chain spacing of ~4.5 nm which is comparable to end-to-end distance of the probe which for
example, is ~5.5 nm for 40 nt chain.?® Considering the footprint to be about the size of the
persistence length of ~1.5 nm,? the rest of well over 50% of the area is passivated with an inert
compound, the most popular one being mercaptohexanol (MCH).?® With a fluorophore attached
at the free-end of the probe ssDNA significant change in chain flexibility occurs that was
leveraged to measure probe-target binding at a sensitivity of 10 pM.2">?® In an electrochemical
analog, a systematic decrease in the redox signal of Fc and MB tethered at the free-end is
leveraged to quantify binding of target nucleic acid (NA) also as low as ~10 picomolar (pM).>*
29

The balance between coverage and its effect on conformation and accessibility of probe, and
ultimately binding efficiency is delicate. Typically, coverage in DNA brush biosensor are in 10"!
to 10'% probe molecules/cm?,* > where, the interchain distance is 30 to 3 nm, respectively, which
at higher coverage is comparable to their size.?> 3° Several studies have shown that higher
coverage, typically above 10'* molecules/cm? leads to lower binding efficiency, attributed to
steric hindrance and electrostatic repulsion.’!* Thus, a coverage around 5x10'? molecules/cm?

seems optimal.

The primary motivation to study this highly versatile electrochemical beacon sensing method is
to improve its limit of quantification (LOQ) and dynamic range. As noted above, binding
efficiency drops significantly above ~10'* molecules/cm?. As a result, the LOQ for current
methods is limited to nanomolar range to at most tens of picomolar range.* 2% 2% 35 Non-linear
systematics up to 1 fM is possible using complex configuration with highly folded probe



ssDNA ¢ The dynamic range is typically less than three orders of magnitude,*> which may be
increased to five orders of magnitude using complex sandwich structure.’” Considering the
largely ignored aspects of the interaction between the ssDNA probe and the Au electrode, and
the effect of backfilling, we discovered inevitable heterogeneous conformational states of the
probe where not all binding will lead to a change (i.e., decrease) in redox signal. By regulating
the heterogeneity of the probe conformation, we demonstrate that the LOQ can be enhanced by
six orders of magnitude to 10 attomolar (aM) and obtain a dynamic range of seven orders of
magnitude. Furthermore, the approach to measure redox allows easy multiplexing by measuring
multiple redox reactions on a monolith electrode with measurement spot diameter of ~10 um and
sample volume of ~100 pL.

EXPERIMENTAL

Reagents and Buffers. Ultrapure Dnase/Rnase free water (Thermofischer Scientific, USA) was
used to prepare all buffer solutions and other solution. Subsequently referred to as DI water.
Prehybridization, hybridization and SEED analysis were done in 1X-MPBS (1M NaCl; 10 mM
phosphate buffer, pH 7.2; ImM MgCl2) (Sigma Aldrich, USA). Probes with tethered MB and
thiol group (Supporting Information(SI), Table S1) and targets (SI, Table S2) were purchased
from Integrated DNA Technologies (IDT), USA. High purity 6-mercapto-1-hexanol (MCH) was
purchased from Sigma Aldrich, USA.

Chip fabrication. Si chips (1 cm?) with ~1000 nm thermal oxide with three Au electrodes
(thickness 300 nm; dimensions 0.1 x 0.8 mm) were patterned for 200 um diameter microwells
(n=25) (SI, Figure S1) using positive photoresist, KL5315 (KemLabs, USA) lithography.
Briefly, the chips were cleaned by sonication for 5 min each in acetone, water, and ethanol
followed by Oz plasma (at 500 mTorr, 125 W) for 2 min. The chips were blow-dried by
compressed air through a 0.2 pm Millipore Filter. The positive photoresist was spin cast on the
chips at 5,000 rpm for 60 sec to obtain a ~500-nm thick film. The chips was prebaked for 5 min
at 115 °C. The film was exposed to xenon (Xe) light (300 W) for 3 min through a contact mask
with a chromium (Cr) metalized pattern on quartz using a mask aligner (Suss MJB3, KarlSuss,
USA). The chips were developed in tetramethylammonium hydroxide (TMAH) developer by
sonication for 5 min followed by ~60 s wash in DI water. The chips were then exposed to O2
plasma (60 W for 2 min) and hard baked at 180 °C for 1 hr. The resulting pattern on each
electrode was an array of 200 pm microwells exposing the underlying Au electrode.

Probe immobilization. Typically, unless otherwise noted, 10 uM of probes (SI, Table S1) in 1
M phosphate buffer, pH 7.2 (Sigma Aldrich, USA) were immobilize the lithographed chips. In
certain cases, the concentration was varied (Figure 1c) but buffer was the same. The spotted
chips with respective ~100 nL of probe solutions were allowed to incubate in a humid
environment at 21 °C for about 90 min to ensure that the drop does not evaporate or grow due to
condensation. After immobilization, the chip was washed in 1mM Tris-Cl, pH 7.2.



Probe Coverage. The method to measure probe coverage is described in details in a previous
publication.*® Briefly, all 75 microwells were immobilized with a single concentration of P34a as
described above (Probe immobilization). The probes were striped by applying -1.0 V for 10 min
in phosphate buffer. The stripped probes were quantified using qPCR.

MCH Backfilling. Typically, solution of 0.1 mM of MCH was prepared in 1mM Tris-Cl buffer
for backfilling. The immobilized chips were washed in 1 mM Tris-Cl buffer for 5 min and
immersed in MCH solution for 10 min under constant stirring. The chip was then washed 1 mM
Tris-Cl buffer for 5 min. To study the effect of backfilling, MCH concentrations were changed
from 0 (no backfilling) to 2.5 mM in the same buffer.

Scanning Electrometer for Electrical Double-layer (SEED). The primary electrochemical
analysis was performed by SEED as briefly described in SI, Section S3 and Figure S2 (Vajra
Instruments, USA). The CV ramp for SEED was -0.5 to +0.1 V at a scan rate of 1 V/s and step
size of 24 mV with respect to Ag/AgCl reference electrode. A periodic AC potential of
frequency, @ = 200 Hz at an amplitude of 100 mV was added to the CV ramp. The raw data was
acquired by in-house software in Python scripts. The data was analyzed by MATLAB software
(Mathworks, USA). The mathematical model, optical set-up and electronics instrumentation is
described in a previous publication.®

Hybridization. The binding to probes (SI, Table S1) with specific and non-specific targets (SI,
Table S2) were performed in 1X-MPBS at room temperature. Typically, the generic non-
specific probe for control was Pcel39a. The specific probes and targets are noted in the
respective parts of the study, for example, P34a and P155 in Figure 4a, and 20 nM T34a for
prehybridization in Figure 6. A separate chip was used for each T34a concentration of 0.01 fM to
100 pM. For prehybridization and post-prehybridization, the binding time was 60 min and 180
min, respectively. The chip were washed in fresh 1X-MPBS to remove the adsorbed/unbound
target molecules.

RESULTS AND DISCUSSION

An array of 25 microwells of 200 pm diameter were patterned on each of the three Au electrodes
of a 1 cm? chip by photolithography (see Experimental Section). The ssDNA probes were
spotted on each microwell using a home-built spotter; where, the volume of the probe solution
droplet of ~0.5 nL and alignment on the microwell was spontaneously controlled by surface
tension (SI, Figure S1). The probes with -SH terminal were immobilized to the electrode via
well-known Au-S bind by incubation for 90 min in a humid environment at 21 °C to ensure no
evaporation of the drop during the process (see Experimental Section). The probes had the
generic formula of 3’-MB-[DNA]-(CH2)s-SH (SI, Table S1). The ssDNA sequences for study
emulates miRNA circulating in the human blood that are promising biomarkers for early
detection of cancer as referenced in SI, Table S1. For example, probe, P34a is DNA equivalent
of compliment to miR34a where the uracil are replaced with thymine bases. Three specific target
sequences, miR155, 34a and 92b were selected for the study (SI, Table S2). The sequences



chosen covered the typical range of GC fraction of 35 to 70% typically found in human
miRNA % Subsequently, the chip was backfilled using MCH to passivate the exposed Au
electrode. The primary study is on miR34a using specific target, T34a.
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The local redox of the tethered MB on each microwell was measured by differential reflectivity
of a ~10 um diameter laser beam during cyclic voltammetry (CV). The principle and set-up of
the home built reflectometer called Scanning Electrometer for Electrical Double-layer (SEED)
described earlier®® is outlined in SI, Section S3 and Figure S2. Briefly, in SEED, a small AC
potential of 100 mV amplitude at frequency, ® = 200 Hz was applied as the CV potential, E is
periodically ramped between -0.5 to 0.1 V relative to Ag/AgCl reference electrode. The signal
from SEED is the amplitude of reflectivity, R oscillating at o, as the E is cycled over time, t (SI,
Figure S3). The response for all the roughly eight CV cycles were superimposed to obtain an
average <R> as a function of E, and the error halo was due to small cycle-to-cycle variations
(Figure 1a). The peaks in <R> (and R) correspond to oxidation and reduction of MB. Due to the
rapid exchange of electrons with the electrode compared to the slow diffusion of ions to
compensate the imbalance, the electrical double layer (EDL) is unable to screen the charge
leading to enhancement in ion oscillation causing the peaks.*® 4 As the higher order harmonics



at 2o was 10° fold lower, the system was linear. Thus, from electrostatics,*® and also confirmed
experimentally, the peak <R>, Rmax, scales linearly with the peak current, Imax.’®*' As MB
reduces to lucomethylene blue, for this study, we chose the reduction peak for Rmax. The spot to
spot variation between the three electrodes on the chip was small indicating fairly uniform
coverage by individual spotting (Figure 1b). As expected, the Rmax and probe coverage increased
with probe concentration (Figure 1c). For the probe coverage, the Au-S bond were
electrochemically cleaved, and the absolute copy number was determined by quantitative PCR
(gPCR) as described in an earlier study.*® Probe concentration of 10 pM was used in the study
that yielded fairly stable Rmax (being in the plateau region) with coverage of ~6x10'
ssDNA/cm?.

The effect of MCH concentration for backfilling revealed unexpected and surprising results that
became the genesis of this study leading to a strategy to improve the LOQ. Three probes of
different GC fraction from 37.5 to 72.7 % were immobilized individually on 25 microwells of
each of the three respective electrodes of the chip. The backfilling was regulated by changing the
MCH concentration for fixed exposure time of 10 min in a well stirred solution. For robust
statistics, one spot on each microwell was measured to obtain 25 readings of Rmax for each
sequence. The Rmax as a function of MCH concentration had two salient observations (Figure
2a). First, surprisingly, on no backfilling, i.e., MCH concentration of zero, the Rmax was zero
irrespective of the sequence (Figure 2a). Typical <R> for just the MB reduction for various
MCH concentration clearly show that for no backfilling, there was no redox peak for MB (Figure
2b). Other sequences show similar behavior (SI, Figure S4). Differential pulse voltammetry
(DPV) also shows no redox at no backfilling (SI, Figure S5). As per the prevailing explanation of
electrochemical beacon, if there is no backfilling the MB at free-end should undergo redox with
no hinderance.> % Second, also not an intuitive observation is that there is significant
dependence on the sequence. As GC fraction increases the Rmax generally increases. As all the
three chains are of similar length, the chain flexibility should not change significantly due to
differences in the sequences, thus, based on prevailing mechanism, there should not be a
significant difference. The GC fraction effect was further explored by including six other
sequences (see SI, Table S1) to find a systematic trend (Figure 2¢) for backfilling with MCH
concentration of 0.1 mM.
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backfilling conditions as Figure 1a.

An optimum MCH concentration for backfilling for our fixed backfilling process time of 10 min
was in 0.01 to 0.5 mM range where Rmax s reasonably constant (Figure 2a and SI, Figure S5).
We fixed the MCH concentration at 0.1 mM for the study. At higher concentrations, due to
higher backfilling density overcrowding effects occur leading to decrease in Rmax (Figure 2a) and
DPV (SI, Figure S5). We note that, although conventional electrochemical characterization, such
as CV, DPV and AC Voltammetry are quantitatively consistent with SEED,*® *!*** we (currently)
do not understand, the absence of peak at 1 uM in DPV (SI, Figure S5) as observed in SEED
(Figure 2a).

To explain the unexpected observations, we start by considering the electrochemical potential of
the system as it undergoes various surface modifications. A convenient visual approach is to
consider the Fermi level (FL), or the energy , U of the negative charge (usually electron), i.e., as
system charges negatively, the FL will rise (Figure 3a). Fermi level and electrochemical potential
are equivalent.** For convenience, the buffer is grounded, which is typically the case in
electrochemical measurements (Figure 3a): (i) Before contact the FL of Au is lower due its high
work function. The difference in the FL before contact is PZC.**% (ii) As the Au electrode is
immersed in the buffer solution containing ssDNA probe with MB, the FL of the electrode rises
by accumulating negative charge.*> Owing to their higher concentration and mobility, the buffer
anions accumulate more to bring the FL in the equilibrium. As a result, even though the
negatively charged tethered ssDNA probes are in the vicinity, most of them will stand-up as the
FL is already in equilibrium due to the anions from the buffer. (iii) On MCH backfilling,
majority of the buffer anions are displaced due to the strong Au-S bond of MCH. As a result, the
negatively charged ssDNA will commence to come down to compensate for the loss in charge to
stay in equilibrium. As a result, there will be a distribution where most probes are still up while
some will be down. We note here that although this distribution should come to an equilibrium,
in our experience it is very slow, usually over a day, thus the system is usually “frustrated” with
a large variation (as will be described later in Figure 4b). (iv) If an external potential, E, relative
to the buffer is applied, the FL of the Au electrode will shift. For E > 0, past PZC (i.e., E > ¢),
the electrode will move down shedding all the anions and consequently repelling the ssDNA
probe to stand-up. As a result, with PZC for Au electrode at ~+0.3 V relative to Ag/AgCL,* %
the probes will stand-up.
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Figure 3: State of immobilized probe due to backfilling and potential. (a) The relative Fermi level of the
electrode with respect to the electrode and change in probe conformation, (i) before electrode contacts
the solution, (i) after ssDNA probe immobilization, (iii) after backfilling, and (iv) due to external
potential, E. The steps (ii) to (iv) are with electrode in the solution. (b) Effect of external potential on the
redox signal for P34a immobilized and backfilled at conditions similar to Figure 1a. The R is corrected
for baseline.

To explain the unexpected observations in Figure 2 in terms of electrostatics (Figure 3a), we
propose that MB at the free-end undergoes redox only when the ssDNA probe is adsorbed on Au
electrode (schematically indicated in Figure 3a-iii). The conjecture that redox of MB only occurs
when the chains are down is supported by two observations: First, it is consistent with no signal
for no back filling (Figure 2a, 2b and SI, Figure S5) when most of the chains are up (Figure 3a-
i1). Second, on application of +0.5V, i.e., E > 0, the chains will stand-up (Figure 3a-iv) causing a
decrease in redox signal of MB (Figure 3b). Furthermore, as -0.5V was applied, i.e., E <0, the
chains will come down again (Figure 3a-iv) explaining the reverting to the original value. Next,
building on the proposed mechanism for MB redox, we developed the electrochemical beacon
method for the simplest configuration where the target is nominally the same size as the probe.

We tested for specificity, as it is the minimum requirement to measure biospecimen. For a chip
with P34a and P155 probes on the same electrode, we tested the binding to 100 nM T34a target.
The redox of MB for specific binding vanished while for the non-specific probe the signal was
unchanged indicating no binding (Figure 4a). Thus, the specificity is high. The decrease in Rmax
on binding is explained as follows: Before binding, the signal is from the probes that are down.
These probes are adsorbed on the electrode due to the well documented strong interaction
between Au with the bases.*>*” On probe-target binding, the bases will unbind from Au as they
are folded inside the double helix. Due to the thermal motion of the rigid dsDNA, the anions
from the solution will replace the charge on the electrode to compensate for the (lost) negative
charge from the probe ssDNA. As a result, the chain will stand-up on binding. Thus, on binding,
the redox signal will vanish causing the overall signal to drop. As the interaction of bases with
Au depends on the sequence,*® 7 this mechanism also qualitatively explains the GC dependence
on the Rmax shown in Figure 2c.
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Figure 4: Effect of high target concentration binding. (a) Change in <R> (with error-halo) for
P34a and P155 probes on binding to 100 nM target T34a. Both the probes are immobilized on
the same electrode. The legend is for reduction peaks only. (b) Change in the reduction peak
on binding to specific target, T34a at concentration 3 nM to 100 nM. The probe immobilization
and backfilling conditions are same as Fig. 1(a).

The relative decrease in Rmax before (Ro) and after binding (Rs) was studied as a function of
target concentration, T34a (Figure 4b). The length of T34a is similar to P34a (SI, Table S1). For
binding time of 60 min, insignificant change in the redox signal was observed at target
concentrations below 10 nM. Thereafter, the signal decreases rapidly. Importantly, the decreases
in the Rs /Ro exhibited significant scatter with no particular systematics with respect to GC
fraction as was the case before binding (in Figure 2). Each data point for 60 min binding time
was averaged over three readings on different microwells with Rs and Ro measured on the same
respective microwell. Furthermore, the characteristics for binding time of 120 min was similar
including the large scatter (data points shown in SI, Figure S6). The proposed mechanism points
to an intrinsic challenge: As the probes that are up would be more prone to binding but will lead
to no change in the redox signal. A change (i.e., decrease) in Rmax will occur only when the
binding is with chains that are down. As the majority of probes are up (Figure 3a-iii) the
threshold to affect change in signal required large concentration of target (Figure 4b). As the
distribution of up versus down probe chains was difficult to control as noted above as “frustrated

distribution” in Figure 3a-iii due to slow kinetics, the change in signal was noisy (Figure 4b and
SI, Figure S6).

We propose a simple, novel strategy of a “pre-hybridization” step to leave only adsorbed probes
to bind to the target, as a result, both sensitivity will be improved, and the scatter will be reduced.
The process is as follows (Figure 5): Based on the proposed mechanism (Figure 3a-ii), after
immobilization very few probes are down (i.e., schematically, only P7 in Figure 5-1) leading to
Rmax = 0 (Figure 2a). On MCH backfilling the anions of the solution are displaced by MCH
causing some chains to come down (Figure 3a-iii) that are schematically P4, P6, P7, and P9
(Figure 5-ii). On prehybridization with a large enough number of specific targets, all the probes
standing up, i.e., P2, P3, P5, and P8 will bind (Figure 5-ii). Owing to large scatter of up/down
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distribution, the concentration of target for prehybridization will be beyond the threshold, for
example, 20 nM (Figure 4b). Few adsorbed targets, such as P9, will also bind and stand-up
during prehybridization (Figure 5-iii). The optimization of prehybridization step (SI, Figure S7)
indicates that 20 nM of specific target for 1 hour is sufficient to hybridize all up-probe chains
(Figure 5-iii). Now the chip is primed to bind to the target where the only probes available for
binding are all down. As a result, the targets will exclusively bind to probed that are down (such
as, P6 and P7) resulting in a decrease in redox signal as the duplex stands-up (Figure 5-iv).

Figure 5: The prehybridization method. Schematic representation of probe conformation
from immobilization to binding. Nine probes, P1 to P9 are shown to qualitatively
represent relative fraction of conformational change. (i) Before backfilling, anions (red
dots) adsorb on Au causing most probes to stand up (only P7 is down). (ii)) MCH
backfilling displaces the anions, bringing some of the probes down (P1, P4, P6, P7 and
P9). (ii1) On pre-hybridization all the probes up and fraction of probe down form duplex
(P2, P3, P5, P8 and P9). (iv) The only available probes for targets to bind are down
causing them to stand-up (P6, P7). The probes standing up and duplex (that will all stand
up) will not show MB redox according to the model.

The concept is illustrated for binding with of 0.1 fM T34a target to immobilized probe P34a.
Two conditions are compared, where the probes on one electrode are directly exposed to the
target versus the probes on the other electrode (on the same chip) are primed by prehybridization
before target binding (Figure 6a). For the probes not subject to prehybridization, consistent with
previous reported methods,* 2% 2% 3% no change in Rmax occurred. However, when the probe was
prehybridized with 20 nM of target there was a remarkable change in signal by ~30% due to
binding with 0.1 fM target. The prehybridization concentration being above the threshold (Figure
4b) leaves probes that adsorbed (as in Figure 5-iii) which leads to change in signal even with 0.1
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fM target. As a comparison, the ~30% drop in prehybridized chip by 0.1 fM target (Figure 6a) is
equivalent to 20 nM target required for the same drop without prehybridization (Figure 4b).
Thus, prehybridization improves the sensitivity by eight orders of magnitude.

Next, we consider quantification. The large variation in Rmax after pre-hybridization, i.e., Rs is
inevitable (i.e., Figure 4b). The large scatter in Rs occurs in spite of initial fairly uniform
distribution of up versus down probes before binding (i.e., Figure 1b). However, if the number of
probes that are adsorbed are sufficient after pre-hybridization, i.e., R ~ 1x10™* (as in Figure 6a)
we have adequate range to engineer a viable quantitative method. To compensate for the large
scatter in Rmax after pre-hybridization (i.e., RB), the Rmax on subsequent binding to the target
(post pre-hybridization), Rr, was normalized as, R#/Rs. To study the effect of sequence, three
sequences covering G-C fraction from 37.5% to 72.7% were studied (Figure 6(b)). The <R>
normalized by Rs was well above the noise level for a broad target concentration. Typical
normalized <R> showing systematic change on binding for all the three sequences are shown in
SI for each of the target concentration (SI, Figure S8). The R#/Rs were quantitative, exhibiting a
highly linear signal on a semi-log plot over the entire range (Figure 6(b)). The resulting LOQ
was 10 attomolar (aM) and the dynamic range was seven orders of magnitude. Each data point
was averaged over six microwells on the same chip. The error bars were very small. The chip
also had control on each of the electrode with probes that were non-specific to the target to
ensure specificity. The non-specific probes for T34a were P155, P92b and Pcel39a, while for the
other two targets the controls were the (other) two non-complimentary probes and Pcel39a. We
note that at high G-C% of 72%, i.e., P92b, the LOQ was 100 aM. We conjecture that the lower
LOQ was due to poor binding efficiency owing to the strong adsorption of the probe to the Au
electrode due to high G-C fraction (Figure 2(c)). To quantify change in binding efficiency on G-
C fraction, unfortunately, the binding constant, unlike for fluorescence-based systems,*® is
difficult. Primarily because, binding to probes that are up will lead to no change in signal while
the ones down will lead to a change in signal (as noted in Figure 5(iii) and experimentally shown
in Figure 6(a)). To independently measure the binding constant for up versus down probes that
will be different requires concomitant measurement of structure in real time to follow the
kinetics. Although, structural heterogenous complexity of the immobilized film (i.e., Figure 5)
makes binding constant measurement difficult, the systematics is robust as evident from the tight
error bar (Figure 6(b)). The calibration curve for T155 and T43a being nominally coincident
suggests that below 50% G-C fraction, the desorption of the probe to bind is the rate determining
step rather than the hybridization kinetics.

1.5-Reduction  Oxidation 1.0-
N 2 P34a (b)
0.1fM T34a 0.8
(no prehybridization)

s Prehybridization ]
“. \20 nM T34a n:n 0.6
=0\ [0 fvIT34a > 0.4

(prehybridizatioﬂ U047 target G-C %4

o\ 0.2 A T155-37.5%

[

T34a - 50%
= T92b-72.7%




Figure 6: Quantification of target. (a) The effect of prehybridization showing the enhancement in
sensitivity. (b) The systematic decrease in signal due to binding with target after prehybridization. The
fitness for all the curves is in 0.984 to 0.985 range. The error bar was based on six independent spots.

SUMMARY

In summary, we have proposed a strategy to improve the performance of electrochemical beacon
method by prehybridization to achieve LOQ of 10 aM and a dynamic range of seven orders of
magnitude. For the study, ~25 nucleotide probes of ssDNA with MB at 3’-end were tethered on
the Au electrode at 5’-end via thio-linkage followed by backfilling with MCH. The binding with
similar length of target was measured as decrease in the redox peak of tethered MB. The
prehybridization approach was based on two observations: First, for no backfilling there was no
MB redox even though there was complete accessibility to the underlying Au electrode. Second,
the MB redox strongly depend on the probe sequence. The results suggest that MB redox
exclusively occurs when the chain is adsorbed to the surface due to strong interaction between
the bases and Au. On binding if the probe is already standing up no change in signal will occur.
However, if the probe is adsorbed the interaction with the base is broken and the duplex stands-
up resulting in decrease in signal. Therefore, the strategy was to prime the chip by prehybridizing
with large amount of specific target so that the probes standing up will bind first leaving only the
adsorbed probes. As a result, when the targets bind to a prehybridized chip, the redox signal
changes significantly with only 10 aM target concentration compared to nanomolars for similar
change in chip that was not primed. The redox of MB was measured by a home built differential
reflectometer called SEED that allowed reading on multiple 10 um spots on a monolith
electrode. An LOQ and dynamic range of 10 aM and seven orders of magnitudes was obtained
for G-C fraction up to 50%. The LOQ reduced to 100 aM for G-C fraction of 72%. The
combination of prehybridization with multiplexing on a monolith electrode by SEED, the
findings will allow the development of label-free, enzyme-free, electrochemical DNA and RNA
probe microarray chip technology to quantify a variety of molecules including nucleic acids and
proteins on a monolith electrode in attomolar to picomolar range.
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The SI has seven, two tables and eight figures covering, details on chip spotting, probe and target
sequences, SEED set-up and signal, optimization of MCH backfilling (DPV and SEED) and
prehybridization, effect of binding time, signals to specific binding, and sensitivity analysis of
prehybridization on different GC fraction sequences.
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S1. Spotting of probes on electrodes with lithographed microwells

S2. Probe and target sequences

Figure S1. Different 10 uM
probe solutions were spotted on
200 pm diameter microwells by
a semi-automated spotter (Vajra
Instruments Inc., USA). a) Vajra
Instrument’s customized chip
with droplets of probe solutions
defined by capillary force, b)
top-view of a spotted chip in the
camera used for spotting.

Table S1. Probes used to study the effect of GC content,® MCH backfill,®
prehybridization,® and target hybridization.?

Probe Sequence Length | GC % | Tm (°C) | Significance (Biomarker)

p212 5 SH-(CH:)e- 22 nt 36.4 50.9 | Cancer'3
TCAACATCAGTC
TGATAAGCTA-MB 3'

P34a2¢ 5’ SH-(CH2)s- 22 nt 50 58.8 Cancer, Senescence'
ACAACCAGCTAA
GACACTGCCA-MB 3'

P92ba° 5" SH-(CH2)6- 22 nt 72.7 68.4 Cancer™3
CACTGCACCGCG
TCCCGTCCCT-MB 3'

P1412 5" SH-(CHz)s- 22 nt 45,5 54.3 Cancer, Melanogenesis,
TCCAACACTGTA Chemotherapy' ¢
CTGGAAGATG-MB 3'

P1552¢ 5" SH-(CHz)s- 24 nt 37.5 53.9 Cancer, Immune
AACCCCTATCAC Thrombocytopenia' 2 7:8
GATTAGCATTAA-MB
3

P4512 5" SH-(CH2)6- 22 nt 36.4 52 Cancer' 2
AACTCAGTAATG
GTAACGGTTT-MB -3'

P630°? 5 SH-(CH2)e- 22 nt 45.5 54.9 Cancer, Apoptosis,
ACCTTCCCTGGT Chemotherapy" % 1°
ACAGAATACT-MB 3'

Pcel39a®<? | 5 SH-(CH.)e- 22 nt 36.4 51.6 Negative Control for human
TATTACCAAGAC miRNA microarray or qPCR
GAAATCAGCT-MB 3'
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Table S2. Target sequence to study hybridization® and limit of quantification®

Target Sequence Length | GC % Tm (°C)

T-34a 3P 5" TGGCAGTGTCTTAGC 22 nt 50 58.8
TGGTTGT 3

T-92b @ 5' AGGGACGGGACGCGG 22 nt 72.7 68.4
TGCAGTG 3

T-1552 5" TTAATGCTAATCGTG 24 nt 37.5 53.9
ATAGGGGTT 3'

S3. SEED set-up and signal

A 2 mW He-Ne laser of beam diameter of ~10 um is focused on the microwell spot. The
electrode is subjected to a CV potential, E combined with an AC potential (Fig. S2). As a
result of the AC potential at a frequency of o, the amplitude of the reflected beam
oscillates at . The oscillatory reflectivity is measured by a lock-in-amplifier tuned
exactly at o by the power supply. The resulting amplitude of the oscillatory reflectivity at
o is given by,!!

(k%_(nls)z)

Ra
R="A=4
"2 (a2 Hkd)’,

= &n ()
where, Ons is the amplitude of refractive index oscillation that is spatially averaged over
the interface, Ra and Ro are the amplitude of AC intensity at ® and the incident laser
intensity (i.e., DC signal), respectively, measured at the detector; ny - ik» is the complex
refractive index of the WE; and <nis> is the spatially averaged refractive index of the
solution at the interface. The signal R as a function of E was obtained by normalizing the
Ra measured by a lock-in-amplifier tuned at ® with Ro. The second harmonic signal by
the lock-in-amplifier was three orders of magnitude lower than the first order, thus, the
system was assumed to be linear (Eq. (1)). The primary principle of the measurement is
that due rapid electron exchange with the electrode, the emanating field from the
electrode is significantly enhanced leading to an increase in dns resulting in a peak.'! 1?
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2.5
10.1 Figure S3. SEED raw data plot. The R
2f {o (right, blue) and CV ramp potential, E
T 15! q > in V (left, orange) as a function of time,
o 1-0.1 o tin s. The raw signal corresponds to
™ 1l 1-0.2 & P34a immobilized on a 200 pm-
o .03 E lithographed chip using immobilization
05"t ’ and backfilling condition same as Fig.
1-0.4 1(a). The reduction and oxidation peaks
Ot 1-0.5 are ramp down and up, respectively.
01234567 8 910
Time, s
S4. Effect of MCH backfilling
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Figure S4. Reduction plots from SEED read for different MCH concentrations during backfill process
on a) P92b, and b) P155. The concentration for immobilization for P92b and P155 were kept constant to
10 uM. The backfilling condition was similar to Fig. 1(a).

]JA P34a Figure S5. Differential Pulse Voltammetry
1-5‘_ o P92b (DPV) performed on an entire electrode with all
{o P155 25 microwells immobilized with either of three
e ] DPV probes P34a, P92b or P155 while varying the
© 1.0 MCH backfill conditions. DPV was performed
§_ ] using Autolab NOVA 2.0 software on all of the
% 1 electrodes with the following conditions: step =
_£0.5- 0.005 V, modulation amplitude = 0.02 V,
] modulation time = 0.005 s; and interval time =
1 0.5s.
0.0—'_4://'"1“: 0 for all probes °

/L''''''''''''1_'_'''''''''''''''1_'_''''''''''''''1_'_''''''''''''"1_'_"""""""1_'_r
0.0 10* 10° 102 10" 10° S-4
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S5. Effect of binding time of 120 min on Rmax
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Figure S6. Similar to Fig. 4(b) in
MS except the hybridization time
was 120 min. Hybridization was
performed with respective probes
immobilized on lithographed chip in
1x-MPBS buffer (pH 7.2) for 120
minutes.

S6. Optimization of prehybridization method
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Figure S7. Optimization of prehybridization condition for miR-34a, 92b and 155
with their respective targets at three different time intervals— 1 hour, 2 hours, and
3 hours. Hybridization was performed with respective probes immobilized on

lithographed chip in 1x-MPBS buffer (pH 7.2).
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Figure S8. Typical normalized <R> for different target concentration for a) T34a,
b) T155 and ¢) T92b. The <R> is normalized with to the corresponding Rmax before
binding (but after prehybridization) for each of the curves. In other words, the
normalization is with respect to Rp in Fig. 6(b); and the Rmax is Rt.
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