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ABSTRACT: Redox is a ubiquitous biological signaling modality that is providing opportunities
for bioelectronics. Various experimental studies have demonstrated that catechols offer unique Imput  Catechol Film Biology
molecular electronic properties for redox-based bioelectronics because catechols can confer redox '4—’

activity without conductivity. Here, we fabricated a catechol-containing hydrogel film at an v
electrode surface and characterized this film using dynamic spectroelectrochemical measurements \
and physics-based modeling (i.e., reaction—diffusion modeling). We show that (i) the flow of -
electrons through the catechol film involves a redox reaction network; (ii) the redox-state J
switching of the catechol node is gated by diffusible electron carriers (i.e, mediators) and SR @
synchronized to electron transfer at the electrode; and (iii) a physics-based reaction—diffusion e

model can be abstracted into readily measurable metrics that can be used to characterize the

response characteristics of more complex experimental systems (i.e., systems that cannot be described from first principles). Finally,
we performed a simple perturbation analysis to illustrate how theory can guide the selection of metrics capable of detecting
interactions between the catechol-coated electrode and bio-relevant nodes of a redox interactome (i.e., metrics that are sensitive to
redox network topology). Overall, this work provides a unifying framework to understand catechol-based electrode coatings and
suggests how theory can guide the selection of metrics for data-driven analysis in emerging applications in redox bioelectronics.

Electrode
Mediators
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B INTRODUCTION system-level bioelectronic measurements (e.g, of electrical
activities) to the underlying molecular-level phenomena. By
analogy to conventional bioelectronics, it is useful to consider
how Hodges and Huxley related the measurable electrical
activities of the ionic-electrical modality to the underlying
molecular-level phenomena for signal generation by nerve cells.
Specifically, they used an electrical analogy with the membrane
serving as a capacitor, the ion channels as conductors, and the
ion pumps as current sources. Critical to their formulation was
a voltage-gated conductance. The success of the Hodges and
Huxley analysis is that it provided a theory-guided framework
to complement bottom-up studies (e.g., of voltage-gated ion
channels) and also enabled extension to different biological
systems (e.g., from the nervous to the cardiovascular system).

Because the flow of the charge carrier (i.e., the electron) in
the redox modality involves a redox reaction network, we
propose a network framework (not an electrical analogy) to
analyze the relationship between system-level measurements
and the underlying molecular phenomena. As illustrated in

Redox-based bioelectronics is an emerging technology that is
fundamentally different from conventional bioelectronics in
that it interfaces through biology’s redox modality (not
biology’s ion-based electrical modality)." One critical differ-
ence is that electrons (not ions) are the charge carriers for the
redox modality.” " Because electrons are not soluble, the
“flow” of electrons through biology’s redox modality generally
involves electron transfer reactions between molecules that
serve as nodes in a redox reaction network as illustrated by the
redox interactome of Scheme 1a.°~® A second difference is the
application space. Conventional ion-based bioelectronics often
connects through biology’s neuromuscular systems with
particular successes involving cardiovascular health: The
system-level status can be readily observed (e.g, by an
EKG), maintained (e.g, by a pacemaker), and adjusted (e.g.,
by a defibrillator). In contrast, redox-based bioelectronics
offers the opportunity to connect through other biological
systems (e.g., the immune system) and targets other
applications such as the system-level measurement of oxidative
stress’ '* and the actuation of gene expression (electro-
genetics)."” ™"

The emergence of redox-based bioelectronics has been
driven by various experimental demonstrations each involving g
individualized approaches to signal analysis. The goal of the =
work reported here is to provide a generic framework to relate
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Scheme 1. Accessing the Electrical Features of the Redox Modality”
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“(a) In the redox modality, electrons “flow” through a redox reaction network. (b) Mediated electrochemical probing (MEP) uses mediators and
voltage inputs to induce electron flow that evoke output response signals. (c) Catechol is an important molecular electronic component because it
serves as a network “hub” capable of exchanging electrons with various biological and electrochemical reductants/oxidants.

Scheme 1la, the molecular nodes of the redox interactome are
“linked” through electron transfer reduction/oxidation reac-
tions. Importantly, since an electron transfer reaction switches
a node’s redox state and since the optical properties of many
nodes vary with the redox state, optical measurements have
emerged as a convenient source of orthogonal information
(i.e., both electrical and optical signals are often measured).””’
Thus, a successful framework for analyzing redox networks
should be able to explain the observed voltage gating as well as
relate both the electrical and optical output signals to the
underlying molecular phenomena.

The experimental method used in this study is mediated
electrochemical probing (MEP), which is emerging as an
important system-level method for redox biology."'*"
Typically for MEP, Scheme 1b shows that diffusible mediators
(i.e,, nodes) are purposefully added to an experimental system
and then an electrode is used to impose tailored voltage inputs
that induce electrons to flow through the interactome. When
MEDP is used for sensing, the mediator and voltage inputs are
designed to evoke readily measurable output responses that
reveal network topology-dependent features. Two broad goals
for MEP sensing are to design mediator/voltage inputs that
maximize the information content of the output responses and
to analyze these evoked output signals to maximize
information extraction. To date, these design and analysis
goals have been approached empirically on a case-by-case basis
using chemical/biological intuition”"" or data-driven statistical
analysis.'”*' Here, we propose a theory-guided framework that
can be broadly applied to explain existing results with
comparatively simple experimental systems. Ultimately, we
envision that this theory-guided framework can be coupled
with data-driven analysis to characterize more complex systems
(e.g., for network reconstruction of a redox interactome).”>**

The specific experimental measurements to be analyzed in
this study are obtained by electrodes coated with hydrogel
containing redox-active catechol moieties. As illustrated in
Scheme I¢, catechol-containing hydrogels have emerged as
important signal-processing components in redox bioelec-
tronics because they offer unique abilities to bridge redox-
based communication between biology and electronics.”** '
From the biology side, the hydrogel-embedded catechols serve
as redox “hubs” capable of interacting with a broad range of
interactome nodes (i.e., catechols can exchange electrons with
various biological reductants and oxidants). From the
electronic device side, the film-embedded catechols can also
interact with various electrochemically active mediators that
are responsible for shuttling electrons to/from the electrode to
generate the electrical output signals (i.e., currents). From a
chemistry perspective, these catechol hubs “catalyze” the
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directed transfer of electrons from reductants (ie. “parent”
nodes) to oxidants (i.e., “child” nodes).

Here, we employ a reaction—diffusion framework of the
underlying physical phenomena to describe the networked flow
of electrons through the catechol-based hydrogels. We show
that, for simple experimental systems, this framework can
characterize how the electrical and optical output signals
emerge from the networked flow of electrons and the
molecular switching of the various nodes. Further, we illustrate
how this framework can be extended to more complex
applications (e.g, to characterize topology-dependent signal
perturbations) by using theory-informed signal metrics to
guide data-driven analysis.

B EXPERIMENTAL SECTION

Materials. Chitosan, catechol, Ru(NH;)4Cl;, 1,1-ferrocenedime-
thanol, and ascorbate were purchased from Sigma-Aldrich. All
reagents were used as received without further purification. All
solutions were prepared using Millipore water (>18 MQ). The
solutions of mediators with/without ascorbate were prepared in 0.1 M
phosphate buffer (pH 7.0).

Instrumentation. The spectroelectrochemical cell consisted of a
screen-printed gold transparent (4 mm diameter; from Metrohm,
Spain) working electrode, a AglAgCl reference electrode, and a
counter electrode made of 0.3 mm platinum wire. A potentiostat
(CHI 420A, CH Instruments) was used for the electrofabrication of
catechol films and all the electrochemical measurements. A UV—vis
spectrophotometer (Evolution 60, Thermo Scientific) was used for
the spectro-measurements, which was carried out simultaneously with
the electrochemical measurements.

Spectroelectrochemical Probing. The catechol films were
fabricated on the gold transparent electrode using a two-step method
(see Scheme S1 of the Supporting Information for detailed
information). The catechol-coated (or control chitosan-coated) gold
electrode was used in the spectroelectrochemical cell as the working
electrode. The solution of mediators (0.1 mM ferrocene dimethanol
and 0.1 mM Ru(NH,)4Cl;) was degassed with with N, for 20 min
before the measurements.

B RESULTS AND DISCUSSION

Catechol Hydrogel Films. The catechol hydrogel films
(several hundred micrometers thick when wet) were electro-
fabricated in two simple steps as previously reported (see the
Supporting Information for further description of electro-
fabrication).”** There are two important features of the
catechol hydrogel films. First, the hydrogel remains permeable
and allows small molecules (e.g., mediators) to diffuse between
the external solution and the electrode surface. Second, the
grafted catechols confer redox activity to the films as these
catechols can be repeatedly switched between their oxidized
and reduced states; however, these films are non-conducting
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Figure 1. Networked flow of electrons through the catechol hydrogel film. (a) Network description shows the mediated flow of electrons through
three nodes (Fc™°, Ru*/%*, and Cat®™?), while a chemistry description shows that electron transfer involves two redox-cycling mechanisms. (b)
Output current time-series curves are used to characterize the flow of electrons; simulations using a network model recapitulate key experimental
observations. (c) Phase-plane plots of the input potential and output current responses show that gating is due to the mediators’ redox potential
(CV plot for the first cycle of the three cycle time-series). Experimental data were generated using a mediator solution containing both ferrocene
dimethanol (0.1 mM) and Ru(NH;),Cly (0.1 mM) in phosphate buffer (0.1 M, pH 7.0) and a scan rate of 50 mV s™".

and the direct electron exchange with the electrode is
negligible (see Figure S1 of the Supporting Information).
Presumably, the catechols that are immobilized in the film are
too far from the electrode surface to allow direct electron
transfer. Further, the grafted catechols are redox-active because
they have two stable states (oxidized and reduced), but
presumably, these grafted catechols do not form an extended
conjugation system that would allow the flow of electrons in
response to an applied electric field (i.e., the grafted catechol
polymers are not conducting polymers). Rather, electron
transfer to/from the grafted catechols requires diffusible
mediators.

Electron Flow in the Catechol Redox Network. As
illustrated in Figure la, the flow of electrons through the
catechol film results from a mediator-based redox reaction
network (and not the flow through a conducting material).
Here, we used the common electrochemical mediator pair of
Ru(NH;)Cl; (Ru**) and ferrocene dimethanol (Fc), and
Figure la shows this directed three-node (Cat®/red) Ru>*/?*,
and Fc™/?) redox network. The Ru** mediator has a reducing
redox potential (E° = —0.2 V vs AglAgCl) and can reversibly
exchange electrons with the electrode with the direction and
rate of electron transfer being controlled by the applied
electrode voltage. Both forms of this mediator (oxidized or
reduced) can diffuse into the film, but the reduced form (Ru**)
can donate electrons to grafted catechol moieties (E® = +0.2 V
vs AglAgCl), thus converting the oxidized quinone state
(Cat®™) into the reduced catechol state (Cat™?). Thermody-
namically, the interaction between these two nodes is
constrained such that electrons flow from the Ru®*"/>* node
to the Cat®™™! node (but not in the reverse direction).
Chemically, this mediated electron transfer involves a reductive
redox-cycling mechanism illustrated in Figure la. Similarly, the
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Fc® mediator, which has an oxidizing redox potential (E° =
+0.25 V vs AglAgCl), can reversibly exchange electrons with
the electrode with the direction and rate of electron transfer
being controlled by the applied electrode voltage. Both forms
can diffuse into the film, but the oxidized form (Fc*) can
accept electrons from the catechol node in a thermodynami-
cally constrained oxidative redox-cycling mechanism also
illustrated in Figure la.

In contrast to conventional electronics where current flow
depends on the materials’ conducting or semi-conducting
properties, the flow of electrons through the catechol film is
controlled by the topology of the redox network and the
“weights” (i.e., reaction rates) for the node—node interactions.
To provide a physically realistic description of electron flow
through this network, we used commercially available finite
element analysis software (COMSOL Multiphysics 5.6) to
account for three phenomena: the electrochemical reactions
associated with electron transfer between the electrode and the
mediators (Ru>*/>* and Fc*’?), the diffusion of the mediators
to/from the electrode surface, and the electron transfer redox
reactions between the mediators and the immobilized
catechols (details provided in Figure S2 and Table S1). This
“minimal” electrochemical reaction—diffusion model aims to
provide a theory-guided framework to discern topology-
dependent dynamic behavior, enable perturbation analysis,
and allow extension to more complex data-driven analysis (i.e.,
to reverse engineer an unknown redox network). While we do
not aim to create a digital replica in the present contribution,
we expect that this model could be parameterized for extension
to specific applications.

Experimentally, the electron flow through this redox network
was characterized by measuring the output current when an
oscillating voltage was applied. As shown in Figure 1b, a
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Figure 2. Molecular switching of the catechol film/node. (a) Comparison of the electrical charge time-series output (Q = / idt) from
spectroelectrochemical measurement and simulation. (b) Comparison of the molecular time-series output from spectroelectrochemical
measurement (optical absorbance at a wavelength of 480 nm) and simulation proxy (nc,* obtained by integration of the concentration of Cat®™).
(c) Phase-plane plot shows that the molecular switching of catechol was synchronized with electron flow (the first cycle of the three-cycle time-
series). (d) Simulated phase-plane plots of charge and molecular responses are similar to experimental measurements. (* axes are inverted to

facilitate comparison).

triangular wave is imposed, varying between —0.5 and 0.5 V
with a cycle time of 40 s at a scan rate of 50 mV s™". The data
was measured in mediator solution with electrodes that were
coated with either a catechol hydrogel or a control redox-
inactive chitosan hydrogel.”> When the input voltage is cycled
into the oxidative region (positive voltages), the output shows
that anodic (negative) currents are generated. Similarly, when
the input voltage is cycled into the reductive region (negative
voltages), cathodic currents are generated. Both experimental
and simulated output responses show considerable amplifica-
tion of currents for the catechol hydrogel, which is consistent
with the mediator redox-cycling mechanisms in Figure 1la.
The input—output data can also be analyzed using phase-
plane analysis, and such a plot for current and voltage is known
as a cyclic voltammogram (CV). Visually, the CV curves of
Figure 1c for the experimental results are reasonably similar to
those simulated by the electrochemical reaction—diffusion
model. Both the simulated and experimental curves show the
commonly observed current amplifications for the catechol
hydrogel (vs redox-inactive control hydrogel) in the Ru®*
reduction (less than —0.15 V) and Fc® oxidation (>0.2 V)
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regions.’® Also, both plots in Figure ¢ illustrate the mediator
gating of the currents: Low and nearly constant currents are
observed in the central voltage region where the mediators are
“Inactive”, while currents are allowed to flow in voltage regions
near the mediator’s E° value.

In addition to replicating the distinctive amplifications and
gating associated with the networked flow of electrons through
the catechol hydrogel, the model can also provide insights of
the spatiotemporally changing concentrations of the mobile
charge carriers (i.e., the mediators), which is difficult/
impossible to observe experimentally. As detailed in the
Supporting Information (ie., Figure S3), results from this
model yield three interesting insights. First, there are no
significant interactions between the Ru’*/?>* and Fc'/°
mediators. The dotted line in Figure la suggests the possibility
that the reduced Ru** could donate electrons to the oxidized
Fc', but simulations indicate that the active states of these
mediators (i.e., Ru** and Fc*) do not co-exist in the same place
at the same time (Figure S3d). Second, for the case of the
redox-inactive control film, the mediators’ active redox states
generated at the electrode (i.e, Fc' and Ru®*") penetrate
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Figure 3. Dynamic analysis of signals. (a) Schematic illustrating how the scan rate (or frequency) is expected to affect the molecular switching
depth and current signal. (b) Simulated catechol switching depth. (c) Frequency-dependent signal characteristic (amplitude) of the catechol film
and comparison to simulations (the simulated proxy for the molecular signal is n¢,™).

approximately 180 pm into this redox-inactive control film
(Figure S3e). Third, for the case of the catechol film, the active
redox states of these mediators penetrate only about 15 pm
into the film (Figure S3e), and this narrower penetration is due
to the redox-cycling reactions (Figure la) that rapidly
“quench” these mediators’ active redox states.

In summary, the electron flow through the catechol film is
networked while the time-series current response (i—t) and
phase-plane CV (i—V) plots can characterize the underlying
molecular phenomena of mediator diffusion and electron-
transfer reactions.

Molecular Switching of the Catechol Node. In addition
to current (i), a second electrical output response is charge (Q
= [ idt), and previous studies indicate that Q can be related to
the molecular switching of the catechol node.”” We performed
this mathematical integration for both the experimental and
simulated current output data from Figure 1b, and Figure 2a
shows that Q oscillates over time. In comparison, the
experiment and simulation show a co-localization of the
peaks for oxidative charge (red dotted line) and reductive
charge (blue dotted line). Moreover, both experiment and
simulation show that the catechol film’s charge output
oscillates with a large amplitude (compared to the redox-
inactive control film) indicating significant accumulation of
electrons in the catechol film during the reductive segment and
significant depletion of electrons from the film during the
oxidative segment. This accumulation and depletion of
electrons are consistent with the molecular switching of the
catechol node’s redox state.

The molecular switching of the catechol node can be
observed experimentally using optical measurements since the
catechol’s oxidized state (Cat®™) has a darker color and larger
absorbance at 480 nm than its reduced state (Cat™?).”" The
middle plot in Figure 2b shows an oscillating optical output
(A4q0) for the three-cycle time-series from the same
spectroelectrochemical measurements of Figure 2a. To
facilitate visual comparison of the plots of Q (Figure 2a) and
Aygo (Figure 2b), we inverted the scale for A,q so the maximal
Cat™ values appear at the bottom of the plot (ie, the
oxidation region). This comparison illustrates that the outputs
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Q and A are in-phase with each other (i.e., synchronized)
and out of phase with the input voltage.

The next goal was to create a computable proxy for the
experimental observable (A,5) associated with molecular
switching of the catechol node’s redox state. The molecular
switching of catechol’s redox state can be simulated since the
electrochemical reaction—diffusion model yields information of
how the concentrations of Cat™ and Cat™? vary as a function
of position and time (the comparison with a redox-inactive
control film is shown in Figure S4, and simulated
concentration profiles with the redox-active catechol film are
shown in Figure SS). As illustrated by the schematic at the
bottom of Figure 2b, we integrated the concentration of Cat™
as a function of position to determine the total amount of the
oxidized state (nc,”™). The lower plot in Figure 2b shows the
three-cycle time-series of this simulated proxy for the
molecular output (nc,”). Again, to facilitate visual compar-
ison, we inverted the scale for nc,° such that the lower (red)
region of the plot is more oxidative. Figure 2b shows that the
oscillations for the simulated proxy (i.e., nc,”) and
experimental observable (i.e., Aq) for redox state switching
are in-phase with each other and also in-phase (i.e.,
synchronized) with the charge output Q in Figure 2a.

To further investigate the relationship between the number
of electrons flowing into the hydrogel (as measured by Q) and
the molecular switching of the catechol node (as measured by
Ayug), we show these experimental results in the same phase-
plane plot in Figure 2c. The first observation in Figure 2c¢ is the
similarity in shapes of these two phase-plane plots. This
similarity is consistent with the synchronization of these two
outputs observed in time-series plots and also consistent with
previously reported spectroelectrochemical correlations be-
tween optically observed switching and electrically observed
Q.”° The second observation in Figure 2c is that the majority
of the change in Q and A occurs in the Ru**-reduction (less
than —0.15 V) and Fc-oxidation (>0.2 V) regions, consistent
with the roles of these mediators to gate the molecular
switching of the catechol node’s redox state.

The comparison between experiment and simulations for the
phase-plane plots for charge (Q) and molecular switching is
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Figure 4. Proposed metrics. (a) Schematic illustrating signal metrics extracted from time-series data and phase-plane CV plot. (b) Correlation
between experimental and simulated metrics identified five potentially reliable metrics. (c) Comparison of experimental and simulated metrics.

shown in Figure 2d. The leftmost plot shows good qualitative
and quantitative agreement for Q between experiment and
simulation. The rightmost plot shows good qualitative
agreement between the experimentally observed A,q, and its
simulated proxy nc,

These simulations allow a quantitative comparison of the
electron flow through the network and molecular switching
using amplitudes of the oscillating outputs. Specifically, the
simulated amplitudes of the oscillating charge AQ (245.5 uC)
and molecular switching Anc,™ (1.2 nmol) can be compared
to a theoretical value, assuming that all the electrons
transferred at the electrode pass through the catechol node
and two electrons are required to switch each catechol’s redox

state®” (1.272 nmol = AZ—S, AQ =2455uC,z=2,and F =

96,485 C/mol). This comparison suggests that 94% (= 1.2/
1.272) of the electrons transferred at the electrode pass
through the catechol node: They are accumulated and stored
during the reductive segment and depleted during the
oxidative segment. The remaining 6% of the electron transfer
is presumably due to the reversible electron exchange between
the mediators and electrode. Overall, the results in Figure 2
indicate that the molecular switching of the catechol node is
synchronized with the electron transfer at the electrode,
indicating that the mediators gate the flow of electrons to the
Cat®™d consistent with the network of Figure la.

Dynamic Analysis. The experimental results and simu-
lations in Figures 1 and 2 support the conclusions that (i) the
flow of electrons through the catechol film occurs through a
three-node redox reaction network, and (ii) the catechol node
undergoes repeated molecular switching of its redox state. A
more rigorous dynamic analysis considers the frequency
dependence of these time-series electrical and molecular
features. The schematic in Figure 3a illustrates the intuitive
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expectations that increasing the scan rate (or frequency) of the
imposed voltage should provide less time in each cycle for the
mediators to diffuse and the catechol moieties to be switched
by redox cycling; thus, the switching depth should decrease
with increasing scan rate. To quantify this expectation, we
performed simulations at seven scan rates (5—500 mV s™'),
examined the concentration profile for Cat™ at the time near
the maximum oxidation of this Cat®/™! node, and estimated
the switching depth from this gradient. The switching depth is
summarized in Figure 3b and shows a decrease with increasing
scan rate.

Next, we compared the dynamic responses of signals from
experimental spectroelectrochemical measurements with sim-
ulations (further comparisons of responses are shown in
Figures S6 and S7). Figure 3c summarizes the frequency (f)
dependence of three signals: the current (i), charge (Q), and
catechol film’s redox state (observable A5 or computable
proxy nc,”). As noted, i reflects the flow of electrons through
the catechol film while Q and Aug, (or nc,”) are the electrical
and molecular features related to switching of the Cat®/™
node. As illustrated, we defined the signals’ amplitude
(ASignal) as the difference in peak (maximum and minimum)
values. [As discussed in Figure S8 of the Supporting
Information, a phase difference ¢ can also be defined for
each of these signals, but as discussed below, these phase
differences did not provide useful information.] Figure 3c
shows both experimental results for ASignal and correspond-
ing simulations. The frequency analysis shows that, at low scan
rate, the i has a small amplitude (ACurrent), and this
amplitude increases with increasing scan rate; at low scan rate,
the amplitude of Q (ACharge) is large and decreases with
increasing scan rate, and similar to the dynamic response of Q,
the absorbance (A,g) and its computable proxy nc,”™ have
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(a) ITO experimental phase-plane plots
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Figure S. Characterizing outputs in terms of metrics for an alternative electrode system. (a) Phase-plane plots of responses measured for a less
electrocatalytically active ITO electrode,”” while insets show simulations of a minimal model (dashed curves, reproduced from Figures 1c and 2d).
(b) Correlation between ITO experiments and simulated metrics shows that, despite large quantitative differences (slopes deviate from 1.0), there
remains good statistical agreement between experiment and simulation for the five reliable metrics (R* > 0.95 and p < 0.05).

high amplitude at low scan rates and this amplitude decreases
with increasing scan rate. This frequency analysis further
illustrates that a minimal model captures the essential physics
of the mediated flow of electrons and molecular switching of
the catechol-based hydrogel film for this simple, well-behaved
mediator electrode system.

Abstracting Analysis in Terms of Measurable Signal
Metrics. The above results illustrate how the mediated flow of
electrons and molecular switching of a catechol film can be
described by a physics-based redox reaction network model.
Our long-term goal is to extend this theory-guided analysis of
mediated electrochemical probing (MEP) to more complex or
ill-defined situations that do not lend themselves to a first-
principles modeling approach (e.g, to use MEP for the
reconstruction of an unknown biological redox reaction
network). We envision that a first-principles theoretical
framework can be abstracted in terms of readily measurable
signal metrics’® that can be broadly applied to reveal
characteristic signatures of such a complex redox network.

The above results suggest that MEP-based signals can be
quantified in terms of metrics obtained either from time-series
or phase-plane analysis. As illustrated in Figure 4a, time-series
data yields amplitude and phase shift metrics for the two
electrical outputs (ACurrent, ACharge, ¢_Current, and
@_Charge) and the outputs associated with molecular
switching (either the experimental observables AA,s, and
@_Ayg or the simulated proxies Anc,”™ and @_nc,*). Further,
Figure 4a suggests metrics from phase-plane CV analysis for
charge (Q) associated with the oxidation and reduction of each
mediator (note: these metrics are operationally labeled in
terms of the mediator electrochemical reaction that is expected
to be the dominant contributor to the signal in that region).
For probing with the two Fc and Ru®" mediators, four
quadrants are shown (ie, Q%r, Q% Q%Rrw and Q%,).”*
Possibly, additional metrics could be obtained from phase-
plane analysis for charge (Q) or optical (Abs) responses;
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however, we are unaware of such metrics. Further, we should
note that, if non-oscillatory voltage inputs are imposed (e.g.,
voltage steps or pulses), then alternative metrics could be
defined for transient responses (e.g., signal decay rates): Since
our focus here is oscillatory voltage inputs and steady output
responses, these transient response metrics are not considered.
Overall, the time-series and phase-plane analyses suggest 10
possible signal metrics in Figure 4b that could be used to
quantify output responses.

We calculated these 10 metrics from experimental and
simulation data for the dynamic analysis study (some of these
values are already displayed in Figure 3), and we then
performed a statistical comparison to determine which metrics
could be well simulated from the theory-guided model.
Specifically, we performed linear regression analysis (R version
4.0.2) between the simulated and experimentally observed
metrics. Figure 4b shows the linear regression slope coefficient
and R® and p values for each of these metrics (note: a
parameter-optimized digital replica of an errorless experimental
system should yield R* and slope values near 1.0 and a low p
value). According to Figure 4b, five metrics (ACurrent,
ACharge, AA g or Anc,™, Q™ and Q%) showed good
agreement between experiment and theory (typically R* > 0.95
and p < 0.0S), while five metrics (¢_Current, ¢ Charge,
@ Ayso or @_ncy ™ Q% and Q%) showed less agreement.
Interestingly, these latter metrics were also not suggested to be
useful from previous experimental studies,”” often because of
large experimental errors. Figure 4c shows a plot of
experimental and simulated values for each of the five
“reliable” metrics that showed good agreement between theory
and experiment.

Using Metrics to Characterize an Alternative Electro-
chemical System. The goal of the minimal network model is
to provide a theoretical framework that can be abstracted to
allow extrapolation to different, more complex situations. The
minimal modeling approach considers output responses in
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(a) Perturbations of network from bio-interactions
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Figure 6. Using metrics to characterize bio-relevant redox interactions with the catechol film. (a) Schematic illustrates that biologically relevant
redox nodes (e.g, the bio-reductant ascorbate) can interact with the catechol film. (b) Interactions with the ascorbate (the fourth node) affect the
shape of experimentally measured phase-plane CV (note the different y-axis scales). (c) Correlations between simulation and experiment for the

five reliable metrics with the four-node network.

terms of the “primary” physical phenomena of the media-
tor:diffusion, reactions at the electrode, and reactions with the
catechol node. The model neglects “secondary” phenomena
such as electrode-specific behaviors, electrode fouling,
mediator chelation, or mediator ligand exchange. The goal is
to have a theory-driven model to identify readily measurable
metrics that can be broadly extended to more complex
situations (e.g., to reconstruct an unknown redox interactome).

One example is to extend the minimal model to a less
idealized electrode system. Here, we used previously reported
dynamic spectroelectrochemical measurements from experi-
ments with a transparent indium tin oxide (ITO) electrode
that was coated with a similar polysaccharide-catechol hydrogel
film and probed using the same Fc and Ru®* mediators.”’
Because ITO has a lower electrocatalytic activity than gold,"
experiments were performed using an extended voltage range
that resulted in a trend in the time-series data toward
increasingly oxidative Q. The experimental Q—t time-series
data was detrended using standard methods (ie., the
“detrending” function in the Signal Processing Toolbox of
MATLAB), as described in Figure S9 of the Supporting
Information. For simulations, we used the same minimal model
without parameter optimization. The goal of this example is to
test whether theory-guided metrics can be extrapolated to
reliably describe essential features of output responses.

Figure Sa shows experimentally observed phase-plane plots
with the catechol film-coated ITO electrode, while simulations
are generally shown as dashed curves (reproduced from

2497

Figures 1c and 2d). The first phase-plane plot in Figure Sa is
the CV curve, and there is general agreement between
experiment and simulation in the CV shapes. The second
phase-plane plot illustrates the unsteady response of Q, while
the third plot illustrates that a detrending of the Q—t curve
leads to better agreement between the shapes of the
experimental and simulated curves. The final phase-plane
plot in Figure Sa shows the molecular response as measured
from the optical absorbance (A,4,) or simulated by its proxy
ey Overall, these phase-plane plots show general agreement
between simulations and experiment, although there are
significant quantitative deviations for this less idealized
electrode system.

Using the five reliable metrics identified in Figure 4b, we
performed a statistical comparison between simulations and
the previously reported dynamic spectroelectrochemical
experiments.”’ The plots and statistical analysis in Figure Sb
show two broad observations. First, there is a strong
correlation between simulation and experiment for these five
metrics as measured by the statistical parameters (i.e, R* >
0.95 and p < 0.05). Second, despite this statistical agreement,
there are significant quantitative differences between experi-
ment and simulation (i.e., the slope values deviate significantly
from 1). These observations support the use of a minimal
model to identify theory-based extrapolatable metrics.

Using Metrics to Characterize Different Redox Net-
works. As noted, an important application of catechol-based
films is redox-based bioelectronics where the catechol node
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Figure 7. Topology-dependent metrics for perturbation analysis. (a) Identifying topology-sensitive signal metrics by comparing simulated

responses for the three- and four-node networks (orange arrows show the direction of increasing scan rate; y

x line indicates topology

independence). Differences in network topology can also be detected (b) by coupling orthogonal electrical and molecular measurements and (c) by

characterizing the rectification of electron flow.

facilitates redox-based communication between electronics and
biology (e.g., to sense and actuate biology).*'~* Specifically,
Figure 6a illustrates that the catechol node can exchange
electrons with biological oxidants/reductants and thus can
interface into enzymatic**** or cellular’®***” redox networks.
From a network analysis perspective, these biological
interactions add nodes to the three-node (mediators plus
catechol) network. From an electronics perspective, these
added network interactions should be detectable based on
their perturbations to the flow of electrons and molecular
switching of the catechol film.

To demonstrate a simple perturbation, we considered the
addition of the common physiological reductant ascorbate,***’
and the right-most scheme in Figure 6a depicts this
perturbation as the addition of a single (yellow) node with
two directed interactions. Experimentally, Figure 6b compares
the phase-plane CV plot for a catechol film-coated gold
electrode in the absence of ascorbate (i.e., the non-interacting
three-node network) and in the presence of 7.5 mM ascorbate
(i.e., the interacting four-node network). These experimental
results show that the addition of ascorbate perturbs the phase-
plane CV by amplifying the current in the oxidizing voltage
region (>0 V) and attenuating the current in the reducing
voltage region (<0 V).

For simulations, we used the directed four-node network
depicted in Figure 6a and assumed that all node—node
interactions could be described by the same rate constants (i.e.,
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a minimal model that focuses on network topology). This
simplifying network depiction also ignores the direct electron
transfer of ascorbate with the electrode: The electrochemical
oxidation of ascorbate while possible®” is sluggish and
irreversible, and we reasoned that the Fc' mediator and
grafted quinone (Cat™) would preferentially oxidize the
ascorbate diffusing into the film from the bulk solution.'”**
Such simplifying assumptions are commonly required when
extending dynamic kinetic models to system-level network
analysis.”’ The comparison between simulation and experi-
ment for this four-node network is summarized in Figure 6¢
(see Figure S10 for more details of this comparison). This
comparison shows that the five metrics that had previously
been found to be reliable (ACurrent, ACharge, AA,s, or
Anc,”™, Q% and Q*%,) were also reliable in terms of
extending analysis from a three- to a four-node network. In
particular, the statistical parameters of R* and p show a good
linear correlation for most of these five metrics, despite the
quantitative discrepancies in predications (i.e., the slope values
are significantly different from 1.0).

Identifying Topology-Dependent Metrics for Pertur-
bation Analysis. While the above examples illustrate that the
output responses can be abstracted in terms of five reliable
signal metrics, these metrics are only useful if they provide
valuable system-level insights. Since one long-term goal of
mediated electrochemical probing (MEP) is to “reconstruct”
an unknown biological redox reaction network, a metric would
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be useful if it was sensitive to this interactome’s network
topology. Thus, we examined how the five reliable metrics
were perturbed by interactions of the catechol film with an
external node. Specifically, we performed a perturbation
analysis to identify how the addition of an “ascorbate” node
perturbed the output metrics compared to those from the
three-node, Cat®/™%-Ru*"/**-Fc*/%, network (i.e., we compared
the four- and three-node networks). Figure 7a compares
simulated metric values obtained from dynamic analysis for the
four-node (y axis) vs three-node (x axis) networks for each of
the five reliable metrics. The dotted lines (y = x) in these plots
correspond to a topology-independent response. The results in
Figure 7a indicate that four of these metrics are expected to be
sensitive to topology (ACharge, AA,q or Anc,™, Qg and
Q"%.), while one metric has a weaker topology dependence
(ACurrent). While these four sensitive metrics may be useful
individually, combinations of metrics often offer greater
discriminating abilities through multivariant and data-driven
machine learning analysis.”"**>' >

One example of combining metrics involves sensor fusion
where information from orthogonal electrical measurements (i
and Q) and optical measurements (A,g) is combined to
couple information of electron flow and molecular switching of
the catechol film. These orthogonal spectroelectrochemical
measurements collect high dimensional data, from which we
extract representative values (i.e, metrics) that could be
further used for data-driven (e.g, principal component)
analysis to characterize complex redox network systems. Figure
7a illustrates that AQ and Anc,"* (a proxy for the measurable
AA,q) are both sensitive to topology but have different
dependencies, while the simulated results in Figure 7b illustrate
that the coupling of these two measurements should enhance
the ability to detect topology differences. The experimental
results in Figure 7b are consistent with these simulations and
illustrate the value of sensor fusion by spectroelectrochemical
measurements.”

A second example of combining metrics is a discerning
context (i.e, whether the film-coated electrode is in an
oxidizing or reducing environment) that should be detected
from current rectifications.>® For instance, the schematic in
Figure 7c illustrates that the addition of the yellow reducing
node (i.e, ascorbate) is expected to enhance the flow of
electrons through the Fc node to the electrode (i.e., increase

°*c.) but inhibit the flow of electrons through the Ru*" node
(ie., decrease Q). The simulation plot of Q"% vs Q% in
Figure 7c shows that no rectification is expected for the three-
node network (slope ~ 1.0; black lines), while strong
rectification (20-fold) is expected when the network is
“perturbed” by the addition of the fourth reducing node.
The experimental plot in Figure 7c is consistent with
simulation. Overall, Figure 7 illustrates how the minimal
model can be abstracted into readily measurable metrics to
enable a data-driven analysis for interpreting measurements
from more complex topological networks.

~

B CONCLUSIONS

Catechols are emerging as important molecular components in
redox-based bioelectronics because they can engage biology in
redox-based communication by exchanging electrons from
various biological reductants and oxidants."**>*’ Importantly,
electrofabrication allows electrodes to be coated with hydrogel
films with thicknesses, catechol contents, and redox activities
that can be tuned by fabrication conditions.””*” We envision
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that catechol components can serve as “hubs”, allowing
catechol-coated electrodes to “plug into” biological redox
networks to generate output signals that contain biologically
relevant information.

Here, we used both time-series responses and phase-plane
plots from dynamic analysis to characterize the underlying
molecular phenomena of mediator diffusion and electron
transfer. We found that the electron flow through the catechol
film is networked, and the molecular switching of the catechol
node is gated by the mediators and synchronized to the
electron transfer at the electrode. We developed a minimal
model that captures these experimental observations and
abstracted output responses from steady dynamic analysis in
terms of five metrics that were reliable (statistically significant
correlations between simulation and experiment). We show
that these metrics could be extrapolated to characterize output
responses from less well-characterized electrode systems (i.e.,
ITO) and could detect perturbations associated with
interactions of the catechol film with external redox nodes.
We envision that these metrics and their combinations can be
extended for multivariant machine learning to achieve the
ultimate goal of “reconstructing” an unknown biological redox
network. In summary, this study illustrates how a first-
principles theory can be abstracted to yield system-level
metrics that should enable a coupling of theory-guided and
data-driven analysis for the emerging field of redox
bioelectronics.
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