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ABSTRACT

Recent years have seen the development of a number of biosensor architectures that rely on target
binding-induced changes in the rate of electron transfer from an electrode-bound receptor. Most
often, the interrogation of these sensors has relied on voltammetric methods, such as square-wave
voltammetry, which limit their time resolution to a few seconds. Here, we describe the use of an
impedance-based approach, which we have termed electrochemical phase interrogation, as a
means of interrogating sensors in this class with high time resolution. Specifically, using changes
in the electrochemical phase to monitor target binding in electrochemical-aptamer based (EAB)
sensor, we achieve sub-second temporal resolution and multi-hour stability in measurements
performed directly in undiluted whole blood. Electrochemical phase interrogation also offers
improved insights into EAB sensors’ signaling mechanism. By modeling the interfacial resistance
and capacitance using equivalent circuits, we find that the only parameter that is altered by target
binding is the charge transfer resistance. This confirms previous claims that binding-induced
changes in electron transfer kinetics drive signaling in this class of sensors. Considering that a
wide range of electrochemical biosensor architectures rely on this signaling mechanism, we
believe that electrochemical phase interrogation may prove generalizable towards sub-second

measurements of molecular targets.

KEYWORDS. Electrochemical aptamer-based sensor, electrochemical biosensors,
Electrochemical phase interrogation, Electrochemical impedance spectroscopy.
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INTRODUCTION

Biological sensors that rely on changes in electron transfer kinetics have emerged as a
promising means of monitoring specific molecular targets in complex clinical sample matrices. An
illustrative example of sensors of this class are electrochemical aptamer-based (EAB) sensors,
which are comprised of a target-specific aptamer covalently modified with a redox reporter and
bound to an electrode surface'. A target binding-induced conformational change in the aptamer
alters the reporter’s electron transfer kinetics in a manner monotonically related to target
concentration® without requiring reagent additions, washing steps, or target labeling. EAB sensors
thus support continuous, real-time measurements* of drugs of abuse>’, pharmaceuticals®*7, and
proteins biomarkers®®19 directly in complex matrices, such as whole blood.

Prior studies of sensors that employ binding-induced changes in electron transfer rate have
almost exclusively used voltammetric approaches, such as square wave voltammetry, to monitor
the sensor’s response to target. In square wave voltammetry, a ramping staircase square wave
potential scans across the redox reporter’s potential window, where changes in electron transfer
lead to corresponding changes in the peak height of the voltammogram!. Because its waveform
reduces the contribution of the electrical double layer to the current, this approach provides
superior measurement sensitivity!!. Due to the time required to perform a sufficiently well-
resolved square-wave scan at the relevant square-wave frequencies, however, the time resolution
of this approach is often limited to several seconds. The technique is thus too slow to resolve
biological processes that occur on sub-second time scales, such as individual neurotransmission
events.

In contrast to voltammetric approaches, electrochemical impedance measurements can

achieve sub-second interrogation times. This is because the approach directly measures changes
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in interfacial surface properties (i.e., charge transfer and electric double layer formation) rapidly
via an applied sinusoidally oscillating (alternating current; AC) potential pulse. Changes in
interfacial surface properties have been either measured: 1) “faradaically” using a free solution
redox reporter (typically Fe(CN)s>7*) that changes its charge transfer ability due to steric or
electrostatic blocking of a functionalized electrode!?, or 2) “non-faradaically” by detecting target
binding via changes in the electrode’s electrical double layer!2. Despite the popularity of these
approaches in the scientific literature, their target quantification fails in realistically complex
sample matrices (i.e., undiluted serum or blood samples), presumably because the signal change
generated by fouling mimics the change produced by target binding!?!3.

Here, we demonstrate a method of impedimetrically interrogating EAB sensors (Figure 1A)
that is remarkably insensitive to non-specific adsorption, allowing for real-time, sub-second-
resolved, measurements for long durations directly in undiluted whole blood. To achieve this, our
approach monitors the phase shift of the current response produced by a redox (faradaic) reporter
that is covalently attached to the receptor rather than free in solution. A binding-induced change
in the conformation of the receptor alters the rate of electron transfer from the reporter, producing

an easily measurable change in phase shift that appears unaffected by non-specific adsorption.

MATERIALS AND METHODS
Aptamer preparation

We first thaw a 2 pL, aliquot of 100 uM aptamer (sequences below) pre-modified with a
6-carbon thiol linker on the 5’ end and methylene blue on the 3’ end (Biosearch Technologies,

Novato, CA, dual HPLC purification, stored at -20°C).
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Aminoglycoside-binding aptamer:
5’-HO-(CH,)¢-S-S-(CH;)s-GGGACTTGGTTTAGGTAATGAGTCCC-O-CH,-CHCH,OH-

(CH;)4-NH-CO-(CH;),-Methylene Blue-3’

Cocaine-binding aptamer:
5’-HO-(CH,)6-S-S-(CH;)-AAGGAAAATCCTTCAACGAAGTGGGTC-0O-CH,-CHCH,OH-

(CH;)4-NH-CO-(CH,;), -Methylene Blue-3’

Prior to conjugation, we reduce the disulfide bond by combining 2 pL. of 10 mM Tris (2-
carboxyethyl) phosphine (TCEP, Sigma-Aldrich, St. Louis, MO) with the aptamer sample for a
one-hour thiol reduction in dark conditions at room temperature. We then dilute the sample with
96 uL 1X phosphate buffered saline and quantify the concentration of the aptamer using the molar
absorption coefficient at 260 nm provided by the supplier with UV-vis spectroscopy (DUS800,
Beckman Coulter, Brea, CA). Using 1X phosphate buffered saline, we further dilute the aptamer

sample to 500 nM.

Sensor Fabrication

We fabricate each sensor by cutting a 5 cm long, 200 um diameter bare gold wire (Alfa
Aesar, Haverhill, MA) and soldering it to a gold-plated pin connector (CH Instruments, Inc.,
Austin, TX) with 60/40 lead-selenium solder (Digikey, Thief River Falls, MN) without any
polishing done. To isolate the working electrode surface, we insulate the bare gold wire with two
layers of polytetrafluorethylene (PTFE) heat-shrink tubing (HS Sub-Lite-Wall PTFE, ZEUS,

Orangeburg, SC) using an industrial hot air blower (Master Appliance Corp., Racine, WI), leaving
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approximately 3.5 mm of bare gold surface exposed. We then trim the exposed working electrode
surface to 3 mm.

Next, we cleaned the electrode surface to prepare it for modification with the aptamer. For
all cleaning procedures and experiments, our electrochemical cell consists of an PTFE-wrapped
gold sensor working electrode, a platinum counter electrode (CH Instruments, Inc, Austin, TX),
and an Ag|AgCl reference electrode (CH Instruments, Inc., Austin TX). We secure our working,
counter, and reference electrodes in a “shot glass” cell vessel with a custom-fabricated Teflon lid
fixture. First, we electrochemically clean the electrodes in 0.5 M NaOH (Sigma-Aldrich, St. Louis,
MO) by performing repeated cyclic voltammetry scans between -1 to -1.6 V vs. Ag|AgCl at 1 V
s'! scan rate for 300 cycles using a CH Multipotentiostat (CHI1040C, CH Instruments, Inc.) to
remove any contaminating organics (Table S1 for complete parameters), followed by a thorough
rinsing in deionized water. Then, we increase the surface area of the gold wire electrode by
electrochemically roughening in 0.5 M H,SO, (Sigma-Aldrich, St. Louis, MO) using a previously-
described procedure'# that involves repeatedly stepping the potential between 0 and 2.2 V (see
Table S1 for parameter details). This results in a 2 to 5-fold increase in microscopic surface area,
attributed to islands of nano-scale dendrites forming on the planar gold surface!*. Immediately
after roughening, we rinse the electrodes thoroughly in deionized water and place them in the
prepared aptamer solution for 1 h at room temperature in dark conditions. To passivate the surface,
we rinse the electrode with deionized water and immerse them for 10 to 12 h at 4°C ina 10 mM
6-mercapto-1-hexanol (Sigma-Aldrich, St. Louis, MO) solution suspended in 1X phosphate

buffered saline (PBS). Following a final rinse with deionized water, the sensor is ready for use.
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Data Collection

We perform electrochemical impedance spectroscopy characterization experiments on a Gamry
Reference 600+ potentiostat/galvanostat (Gamry Instruments, Warminster, PA). First, we
characterize the modified electrodes at room temperature in 1X PBS. To determine the formal
potential, £y, of the redox reporter, we collect a cyclic voltammogram, sweeping from -0.1 V to -
0.45V at 100 mV s°!, and identify the midpoint between the oxidation and reduction waves of the
voltammogram. We then collect a potentiostatic impedimetric measurement by applying an AC
potential waveform of 10 mV amplitude centered around the formal potential, measuring the
impedance response from 10 kHz to 0.1 Hz. To measure the response to target addition, we collect
phase between 10 kHz to 0.1 Hz after adding graduated amounts of stock concentrations of
tobramycin sulfate (USP Grade, Gold BioTechnology Inc., St Louis, MO) in 1X PBS. To evaluate
the sensor’s performance in complex matrices, we also repeated this binding curve experiment in

undiluted, heparinized whole bovine blood (Hemostat Laboratories, Dixon, CA).
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Figure 1. (A) EAB sensors consist of a gold electrode coated with a passivating self-assembled monolayer (here 6-
mercapto-1-hexanol) and redox reporter-modified (R) aptamers. Signaling in this class of sensors occurs via a binding-
induced change in electron transfer kinetics of the redox reporter. In this work, we have employed an aptamer that
binds to the aminoglycoside antibiotic, tobramycin. (B) Interrogating the EAB sensor using cyclic voltammetry
produces the reversible, surface-bound electrochemical reaction expected from the redox reporter, with peaks at the
standard reduction potential of methylene blue (£). (C) We measure changes in electron transfer kinetics by acquiring
a phase spectroscopy scan when polarizing the EAB sensor at Eyand exposing it to increasing amounts of tobramycin
in undiluted whole blood. We observe a phase shift towards higher frequencies as the rate of electron transfer from
the redox reporter increases upon target binding. This leads to a decrease in phase shift at low frequencies (“signal-
off” behavior) and an increase in phase shift at higher frequencies (“signal-on” behavior). (D) Correspondingly, when
performing alternating electrochemical phase measurements at 12 and 158 Hz (orange and blue traces) in whole blood,
we observe binding curves that reach phase changes of up to 15% at saturating target. The error bars in panel D (which
are smaller than the marker size) indicate standard error derived from 4 independently fabricated and interrogated
Sensors.
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Electrochemical phase interrogation of EAB sensors reports on target concentration. To
demonstrate this, we employed an EAB sensor that detects aminoglycoside antibiotics, such as
tobramycin'>. To measure the full frequency dependence of the sensor’s phase response, we
applied sinusoidally-oscillating potential wave forms of varying frequencies centered around the
formal reduction potential, £y, (Figure 1B) of the methylene blue redox reporter and measured the
resulting shift in phase of the current response. In the absence of target, we observe a phase peak
at ~25 Hz (Figure 1C, lightest grey curve). The addition of tobramycin causes this peak to shift to
higher frequencies (Figure 1C, progressively darker curves) where the measured phase increases
toward 0° at higher frequencies (“signal-on”) and decreases toward -90° at lower frequencies
(“signal-off”). Performing full titrations at both signal-on and off AC frequencies (12 and 158 Hz,
respectively), we observe binding curves with dissociation constants of ~380 uM and up to 15%
signal change in phase at saturating target (Figure 1D). Given the remarkably low noise level of
this approach, even this relatively small total gain is sufficient to support precise and sensitive
measurements. For example, the standard deviation of the signal observed at 0 M target is just
0.17% (for the signal-off frequency), which corresponds to a precision of + 4 uM at low target

concentrations.
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Figure 2. Electrochemical phase interrogation of EAB sensors achieve few hundred milliseconds time resolution and
remain stable in whole blood for many hours. (A) To illustrate sub-second time resolution, we continuously interrogate
the EAB sensor at a signal-off frequency of 12 Hz and spike the phosphate buffer saline solution with saturating
amounts of tobramycin (3 mM). (B) Electrochemical phase spectroscopy enables measurements in undiluted whole
blood for multi-hour time periods. To demonstrate this, here we immersed EAB sensors in undiluted whole blood over
16 h, and sequentially interrogated them at the AC frequencies indicated. As shown, we added 300 uM, then 1 mM
tobramycin to the blood before then returning the sensor to target-free blood.

Electrochemical phase interrogation supports sub-second-resolved, real-time read-out of EAB
measurements. To demonstrate this, we interrogated the EAB sensor using a 12 Hz AC pulse
during the addition of 3 mM tobramycin. The read-out timescale of the resulting measurements,
which is defined here by the data acquisition software rather than the physics of the system, is 350
ms (Figure 2A). This already represents up to two orders of magnitude improvement in

measurement frequency over EAB sensors interrogated using square-wave voltammetry, but could

ACS Paragon Plus Environment

Page 10 of 23



Page 11 of 23

oNOYTULT D WN =

Analytical Chemistry

be improved further with a faster processing electronics than what we have employed. For
example, if a pulse of a single period is collected, the time resolution achievable using a pulse of
frequency 158 Hz should approach 6 ms. In addition to read-out timescale, several factors can limit
time resolution. These include mixing time to achieve sample homogeneity and diffusion of target
to the sensor surface. Thus, while in PBS the sensor’s signal rapidly stabilizes upon a change in
target concentration (Figure 2A), it requires more time in whole blood (Figure 2B), which is far
more viscous. When whole blood is rapidly homogenized, in contrast, our sensor’s signal stabilizes
faster than shown in Figure 2B (see Figure S3).

In contrast to traditional impedimetric approaches to biosensor interrogation, electrochemical
phase interrogation of EAB sensors produces stable baseline signals even in highly complex
sample matrices. For example, we see only 0.5 to 1% baseline drift over the course of 16 h of
continuous measurements directly in undiluted whole blood (Figure 2B). We presume that this
derives from the EAB signaling mechanism, which relies on binding-induced change in the rate of
electron transfer from the surface-bound redox reporter rather than adsorption of the target to a

surface, thus rendering it relatively unaffected by non-specific adsorption.
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Figure 3. Electrochemical phase interrogation allows deconvolution of the contribution of other interfering
electrochemical processes taking place at the EAB sensor interface, such as oxygen reduction. We show this by
recording an electrochemical phase spectroscopy scan when our phosphate buffered solution is oxygenated (red trace)
and when deoxygenated by bubbling with argon gas (blue trace). In doing so, we find that low frequencies (< 1 Hz)
are sensitive to the presence of oxygen and lead to an increase in phase.

Compared to voltammetric approaches, electrochemical phase interrogation minimizes the
contribution of interfering surface electrochemical processes because it directly monitors the redox
reporter’s faradaic charge transfer. This includes oxygen reduction, which, upon degradation of
the sensor’s passivating monolayer'®, can overlap with the reduction potential of methylene blue!”,
reducing measurement precision. Because transfer from the reporter is much more rapid than
transfer from oxygen reduction, electrochemical phase interrogation cleanly separates the two
processes (Figure 3). Thus, interrogation of our EAB sensor at frequencies insensitive to the
oxygen reduction (>1 Hz) can minimize any drift arising from monolayer degradation and

subsequent oxygen reduction.
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Figure 4. To better understand the signaling mechanism of EAB sensors, we model the electrochemical phase
spectroscopy response as a combination of resistor and capacitor circuit elements. (A) We represent EAB sensors as
a solution-electrode interface separated by a self-assembled alkanethiol dielectric (grey) with defects present. The
electrolyte solution separating the working from the counter electrode contributes to a resistance, Rgor. The solution-
electrode interface equilibrates via the formation of an electrical double layer that we represent as a non-ideal capacitor
(i.e., constant phase element), Ciyr, to capture the defects within the self-assembled monolayer. Finally, we represent
the redox reporter charge transfer with a combination of a charge transfer resistance, Rcr, and an adsorptive
pseudocapacitance, Cap, which accounts for the presence of a limited number of redox reporters on the electrode
surface able to transfer electrons at a given rate's. (B) When no faradaic charge transfer occurs, our equivalent circuit
simply contains the solution resistance, Rgor, in series with the interfacial capacitance, Ciyr (both in black). When
faradaic charge transfer does occur, we add to our equivalent circuit the charge transfer resistance, Rcr, and
pseudocapacitance, Cap (both in blue), in parallel with the interfacial capacitance. (C) We model the EAB sensor
interface’s impedimetric response when polarized at E,,,;4. (no redox reaction taking place, black) with the RC circuit
of Rgor and the interfacial capacitance, Ciyt. We then model the EAB sensor interface when polarized at £, (where
charge transfer occurs, blue) with the complete equivalent circuit. We find that both our equivalent circuits fittings
(solid lines) match well with our experimental results (dotted lines) (x> = 0.033 for E, iz x> = 0.021 for E,, fitting
results in Table S2, S3). Of note, we have eliminated for these measurements the contribution of dissolved oxygen to
the current, which appears as a shoulder at the lowest frequencies by bubbling argon gas in the electrochemical cell.
(D) In fitting our entire equivalent circuit to the electrochemical phase spectroscopy scans of a tobramycin-binding
EAB sensor exposed to an increasing amount of target in PBS, we find that target addition mainly affects the charge
transfer resistance (Rcr). This is because as Rer decreases, the effective resistance of the interface in accepting
electrons from the reporter decreases due its increased rate of charge transfer. Fitting the resulting binding curve to a
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Hill-Langmuir isotherm returns a Kp of 36 uM (error bars represent standard deviations seen across three
independently fabricated and interrogated sensors).

To understand the origins of the target-induced phase response, we modeled the EAB sensor’s
behavior both at the redox potential of the reporter, £y, and at potentials far removed, E,,;size-
Specifically, we model the experimental data with equivalent circuits using resistors and capacitors
to represent each of the interface’s components (Figure 4A). The phase shift in the phase spectrum
approaches 0° at frequencies above 10 kHz (Figure 4C), indicating that under these conditions,
the system behaves as a simple resistor of resistance Rgor. This presumably occurs because these
frequencies are faster than both the rate of double layer formation!®2° and any faradaic processes?!.
At lower frequencies, formation of the electric double layer contributes capacitance to the observed
behavior. For example, when the applied potential is far from the redox potential of the reporter
(and thus no faradaic processes occur), the phase monotonically decreases towards -90° with
decreasing frequency (E,,siqe> Figure 4C). To capture this effect, we include in our model a non-
ideal capacitor (of capacitance Ciyt) placed in series with the solution resistance, Rgop (see black
circuit elements in Figure 4B). The nonideality of this capacitor, reported as a constant phase
element, accounts for surface monolayer defects and electrode roughness (see supporting
information for additional details)??. Finally, when we interrogate the sensor at the reporter’s redox
potential, £, we observe a peak in the phase spectrum at frequencies corresponding to the electron
transfer rate of the aptamer-attached redox reporter (Figure 4C)?!. We modeled this as a resistor
and a constant phase element (of resistance Rct and capacitance Cyp, respectively) in series with
each other and in parallel to the interfacial capacitance, Cyt. These elements reflect the resistance
associated with faradaic charge transfer and the adsorptive pseudo-capacitance associated with
oxidation and reduction of a fixed number of surface-attached, redox-reporter-modified

aptamerl 8,20,23,24'
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By fitting our experimental data sets to the two equivalent circuit models described above, we
find that the target-induced phase peak shift arises due to binding-induced changes in charge
transfer resistance. To see this, we first fit data collected at £,z to determine Rgor, and Ciyr
(Figure 4C). Using these values, we then modeled the system’s behavior at £, (Figure 4C). Both
models accurately capture our experimental observations, producing estimates of Rt that vary as
a function of target concentration with the Hill-Langmuir isotherm (Figure 4D). In contrast, Rgor,
Cmr and Cyp are effectively independent of target concentration (Figure 4D), indicating that the
phase response we observe upon target addition arises due to the binding-induced change in Rer.
This is consistent with previous arguments that signaling in this class of sensors is solely associated
with binding-induced changes in the electron transfer kinetics of the redox reporter'®2>. To see

this, we note that Rct is inversely proportional to the electron transfer rate (Eq. 1) per:

2RT

Rop = ——
CT FzAkg[

Eq. 1

where R is the ideal gas constant, T the temperature, F’ Faraday’s constant, 4 the quantity of redox

reporters (in moles), and k., the electron transfer rate.
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Figure 5. Electrochemical phase interrogation is applicable to other EAB sensors. (A) Shown, for example, is the
phase response of a cocaine-detecting EAB sensor when challenged with its target (here in PBS). With target addition,
we measure a phase peak shift towards higher frequencies. (B) Fitting the resulting phase change to our proposed
equivalent circuit model in Figure 4B for four sensors, we find transfer resistance (Rct) to be the dominant contributor
to the measured phase change. This supports that, as was true for the aminoglycoside sensor, signal generation is due
to a binding-induced change in electron transfer rate.

Electrochemical phase interrogation appears to be generalizable to other EAB sensors. To
see this, we applied it to a sensor against the drug of abuse, cocaine, which employs a previously-
described aptamer Neves et al.>6 When we interrogate this sensor at the reduction potential of the
redox reporter, we observe a phase peak that shifts to higher frequencies upon the addition of
increasing cocaine concentrations both in PBS (Figure SA) and in undiluted whole blood (Figure
S4). Fitting this to the equivalent circuit we used to characterize the aminoglycoside sensor, we

find that the observed change in phase is, once again, largely due to changes in Rt (Figure 5C).
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Signal generation in this sensor is thus also driven by binding-induced changes in electron transfer

kinetics.

DISCUSSION

Electrochemical phase interrogation of EAB sensors provides a sub-second-resolved, real-
time approach to measuring specific small molecules with time resolution up to two orders of
magnitude better than those typically achieved using voltammetric interrogation of sensors in this
class. Likewise, this technique rejects the confounding effects of oxygen reduction, rendering
measurements less sensitive to monolayer degradation and enabling long-duration measurements
in whole blood without the need to resort to drift correction mechanisms or antifouling coatings.
In short, the approach combines the speed of impedimetric measurements and selectivity of EAB
sensors, thus supporting high time resolution measurements in complex, unprocessed clinical
sample matrices.

Electrochemical phase interrogation is not the first means of collecting sub-second EAB
sensor measurements,?’-?8 but it does provide potential advantages over prior approaches. For
example, chronoamperometry employs a series of oxidizing and reducing potentials to induce
exponentially decaying current responses, which can be fitted to determine receptor occupancy
with sub-second resolution?’. In this approach, the temporal resolution is determined by the time
required to fully resolve the portion of the current decay that is associated with charge transfer. A
limitation of chronoamperometry, however, is the difficulty of accurately fitting exponential
decays due to other decays of similar lifetimes that are unrelated to the charge transfer event (e.g.,
the formation of the electric double layer formation)?’. To improve temporal resolution further,

Santos-Cancel et al.?® proposed the sampling of currents at tens of microsecond time intervals. The
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binding-induced signal change they observed, however, is linked to alteration in the formation of
the electrical double layer, which may render the approach sensitive to non-target-driven changes
at the interface (ionic strength and biofouling) that invariably occur in realistically-complex
clinical samples.

Electrochemical phase interrogation combines the time resolution benefits of impedance-
based measurements with the fouling resistance of surface-tethered redox reporters. This superior
time resolution stems from the rapid AC potential pulses that cleanly monitor charge transfer,
instead of deriving it by scanning across a large potential window (like in voltammetric
approaches) or across a large frequency range (like in other impedance-based approaches). We
envision that applying the phase interrogation approach to EAB sensors could resolve rapid
biological events in other complex matrices or in the living body thanks to their fouling-insensitive
signaling mechanism of binding-induced change in electron transfer. Beyond EAB sensors, we
expect that electrochemical phase interrogation can be applied to other sensing platforms that rely
on binding-induced changes in electron transfer rate. These include sensors for which signal
generation is associated with binding-induced changes in (1) a surface-attached redox reporter’s
reorganizational energy?®3!; (2) the coupling constant that defines how rapidly electrons transfer
between an electrode and the reporter’>34; and (3) the diffusion of a surface-tethered redox
reporter®>-3%. Thus, we believe electrochemical phase interrogation provides a widely-adaptable
platform for sensing directly in complex clinical media because it combines the high time
resolution of impedance-based measurements with the fouling resistance of surface-bound redox

reporter sensing platforms.
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