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Abstract

Biology is well-known for its ability to communicate through (i) molecularly-specific signaling
modalities and (ii) a globally-acting electrical modality associated with ion flow across biological
membranes. Emerging research suggests that biology uses a third type of communication modality
associated with a flow of electrons through reduction/oxidation (redox) reactions. This redox
signaling modality appears to act globally and has features of both molecular and electrical
modalities: since free electrons do not exist in aqueous solution, the electrons must flow through
molecular intermediates that can be switched between two states - with electrons (reduced) or
without electrons (oxidized). Importantly, this global redox modality is easily accessible through
its electrical features using convenient electrochemical instrumentation. In this review, we explain
this redox modality, describe our electrochemical measurements, and provide four examples
demonstrating that redox enables communication between biology and electronics. The first two
examples illustrate how redox probing can acquire biologically relevant information. The last two
examples illustrate how redox inputs can transduce biologically-relevant transitions for patterning
and the induction of a synbio transceiver for two-hop molecular communication. In summary, we
believe redox provides a unique ability to bridge bio-device communication because simple
electrochemical methods enable global access to biologically meaningful information. Further, we
envision that redox may facilitate the application of information theory to the biological sciences.

Keywords

bioelectronics; electrobiofabrication; molecular communication; signal processing; reverse
engineering

l. INTRODUCTION

INFORMATION Age transformed our lives and the application of information theory to
enable communication with our biological world could offer similarly transformative
possibilities. One vision is illustrated in Fig. 1a which shows a micro/nano device (e.g., a
vesicle) “talking” to biology (e.g., a cell) through the native molecular modalities used for
cell-cell signaling[1], [2], [11]-[15], [3]-[10] Such bio-device communication could enable
us: (i) to acquire information to understand how a complex biological system functions and
to detect dysfunctions (e.g., pathological states); and (ii) to transduce biology by providing
the cues to induce molecular and cellular transitions (e.g., to induce changes in gene
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expression). Ultimately, such bio-device communication could connect biology to the
Internet of Things (or Bio-Nano-Things). [10]

From an experimentalist’s perspective, a key challenge to this molecular communication
vision is the “hardware” needed to transmit and receive specific molecular signals. Biology
uses highly evolved “components” (e.g., enzymes and receptors) to transmit and detect
molecular signals with the necessary levels of sensitivity and selectivity. But these biological
transmitter/receiver components are not stable. From a biological perspective, cells are
constantly “turning-over” (degrading and re-synthesizing) their molecular machinery to
enable them to respond to dynamically-changing environments. From a technological
perspective, the short lifetime (hours to days) of bio-based transmitter/receiver components
presents a substantial hurdle to creating devices capable of communicating through
molecularly-specific modalities.

A related issue is how to convert the molecular information of a biological signal into a
modality that allows easy communication to an outside observer. Information technology
largely transmits/receives information through an electromagnetic modality but biology
rarely uses electromagnetic radiation for communication. Of course, biological scientists
routinely engineer cells (i) to report biologically-relevant information through such
convenient optical modalities (e.g., through the expression of green fluorescent protein;
GFP), or (ii) to receive optical inputs to induce desired biological responses (e.g., by opto-
genetics). While successfully connecting the outside observer to the internal workings of
complex biological systems, these optical modalities are generally “non-native” to the
biological system being probed. Rather, cells must be purposefully engineered to allow
measurement through optical outputs or to induce responses from optical inputs. Thus,
although these optical approaches represent an important advance, they are intrinsically
limited in their capabilities to observe the rich molecular context of a complex biological
system or to participate-in the existing communication networks of life.

Fig. 1b illustrates that we are focused on a somewhat simpler problem of using a device to
directly “connect” to biology without an intervening nano/micro-scale device. Yet the
challenge remains of bridging biological and technological communication using a modality
that offers both technological convenience of modern electronics and the biological
relevance of molecular modalities. The specific question is: what modalities allow us to
engage biology in meaningful (even multi-hop) communication while simultaneously
providing access to convenient instrumentation for transmitting and receiving information?

The most obvious example of a modality that enables simple yet meaningful communication
between technology and biology is the electrical modality associated with ionic currents
across cellular membranes. Fig. 2a illustrates that comparatively simple electrode-based
measurements enable electrophysiologists to discern how nerve cells use this electrical
modality for communication and allow clinicians to characterize the functioning of a
complex biological system (i.e., the cardiovascular system). In addition to using electrode
measurements to acquire information, Fig. 2b also shows that electrodes can also be used to
provide the cues to transduce a biological system by correcting life-threatening cardiac
dysrhythmias.
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Thus, a critical challenge for realizing the exciting vision of molecular communication is
identifying a communication modality that is technologically convenient yet biologically
relevant. The electrical modality associated with ion flow across cell membranes provides an
example of such a modality. But while this electrical modality enables convenient
communication with the neural, cardiovascular and neuromuscular systems, it is not a
particularly relevant modality for communicating with other important biological systems
that range from the immune system to the biosphere (e.g., plant-microbe communication in
soil). In Section II we describe the redox modality that is based on reduction and oxidation
reactions. We illustrate the importance of redox reactions in biology and explain why we
believe redox is a suitable modality for bio-device communication. We then describe four
case studies. The first two case studies are described in Section III and focus on the use of
redox for acquiring biologically-relevant information. In Section IV, we describe two case
studies that illustrate how redox-based inputs can be used for fransducing transitions in
biomacromolecular structure and biological function. In the final section, we provide an
experimentalists perspective of the importance of integrating information theory into life
science applications.

Il. Repoxasa Communication MobaLiry

In the above, we explained that biology sometimes communicates using molecularly-specific
modalities and sometimes using a global electrical modality associated with the flow of ions
across membranes. From a technology standpoint, fabricating transmitters and receivers for
molecularly-specific communication will be challenging while communication through the
electrical modality has been comparatively easy. Here, we suggest redox is another relevant
communication modality that may also permit comparatively simple bio-device
“interfacing”.

A. Redox in Biology

Reduction and oxidation (redox) reactions are ubiquitous in biology. Fig. 3a shows that cells
harvest energy from their chemical fuel through a redox-pathway (respiration) in which
individual electrons are transferred via membrane-bound carriers to an ultimate electron
acceptor (i.e., oxygen). Fig. 3b illustrates that biosynthesis often involves the transfer of
electrons using diffusible electron carriers (e.g., NADPH) that enable the generation of
more-reduced cellular components (e.g., lipids). During an inflammatory response, Fig. 3¢
shows immune cells use enzymes to transfer electrons to oxygen to generate partially-
reduced reactive oxygen species (ROS) that can defend against pathogen invasion (e.g., at a
wound site). The damaging effects of high levels of ROS are responsible for their
antimicrobial activities but increasing evidence suggests prolonged inflammation may be
linked to oxidative stress and various human diseases[16]-[20] In fact, biology uses specific
antioxidants (e.g., ascorbic acid and glutathione) to protect itself from such oxidative
stresses. In contrast, low levels of ROS (especially H,O,) are believed to serve as diffusible
signaling molecules that can cross cell membranes and be recognized through specialized
signal transduction mechanisms (e.g., sulfur-switching) to induce diverse cellular responses
(Fig. 3d). [21]-[24]
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Because of the importance of redox in biology, there have been efforts to develop a
quantitative measurement that characterizes the oxidative-reductive state much as a
measurement of pH provides a quantitative measurement of acid-base context. Fig. 4 shows
that acid-base and redox reactions have considerable similarities. In acid-base reactions,
protons (H") are donated or accepted, the thermodynamics is characterized by an
equilibrium constant (K, or pK,), and the Hendersen-Hasselbalch equation relates the
experimentally measurable pH to one thermodynamic term and one term that relates how the
ratio of concentrations adjusts to this environmental pH-context. Analogously, Fig. 4 shows
that in redox reactions, electrons (e) are donated or accepted, the thermodynamic
equilibrium is characterized by a standard state redox potential (£) and the Nernst equation
also shows two terms: one thermodynamic term that describes reaction equilibrium (£°) and
the other term describing the ratio of concentrations.

A critical difference between acid-base and redox reactions is the kinetics. Acid-base
reactions are generally believed to be in dynamic equilibrium such that a measurement of pH
provides an unambiguous indicator of the acid-base context (i.e., Hendersen-Hasselbalch
equation is generally believed to be valid at all times). In contrast, redox reactions can have
significant kinetic barriers such that a redox reaction that may be highly favored
thermodynamically may not occur in the absence of an enzyme that catalyzes the reaction
(i.e., the Nernst equation describes the theoretically possible state but not necessarily the
actual state). For instance, some types of redox-active molecules can readily exchange
electrons and their redox state rapidly adjusts to the environmental context (as predicted by
the Nernst equation), while other types are kinetically stable and resist such changes in state.
Thus unlike pH, it is not clear how to measure the redox potential (£) nor to interpret redox
measurements that claim to reflect £[25] Despite this uncertainty and because of the
importance of redox potential, there have been efforts to use imperfect measurements of £ as
a global state indicator[26]-[28] Further, it has been reported that different compartments
within a cell can exist at different £ values (e.g., the mitochondria is more reducing while
the cytoplasm is more oxidizing),[29] and that cells progress from proliferation to
differentiation to death at increasingly oxidative £ values. [30] In our opinion, £
measurements are imperfect but because of the importance of redox in biology, an imperfect
measurement is better than no measurement.

Also illustrated in Fig. 4b, is that there can be significant and persistent gradients in pH and
redox potential. For instance, electron transfer in the respiratory chain results in a pH
gradient across the mitochondrial membrane and this gradient serves as the driving force for
the cells to generate ATP (the energy currency of the cell). Analogous gradients in ions
across membranes (Na™, Ca2", K™ and CI7) provide the driving force for the action
potentials in Fig. 2a: for instance, a voltage-gated ion channel embedded within the cell
membrane may open to allow the flow of ions that generates the currents responsible for
electrical communication. From a thermodynamics perspective, these gradients in pH and
ions can be considered to be stable within the constraint that the cell membrane is semi-
permeable and precludes a passive diffusion of charged species (i.e., the gradient will persist
in the absence of a mechanism that allows dissipation of the gradient).
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Gradients in redox biology can occur due to dynamics. Specifically, steep O, gradients occur
in tissue with high metabolic activity (e.g., the gut and brain) because the rapid consumption
of this oxidant results in complete depletion over short distances (~200 pm) between the O,
source (e.g., the capillaries) and the O, sink (tissue). [31]-[38] While the exact quantitative
relationship between gradients in O, and £'may be uncertain, one consequence is that these
gradients provide conditions for redox-cycling. Specifically, a redox-active molecule that
can readily exchange electrons only needs to diffuse small distances in a steep gradient to be
exposed to a reductive environment (where it can accept electrons) and an oxidative context
(where it can donate electrons).

Redox-cycling is best recognized in pathological examples. For instance, the bacterial
metabolite pyocyanin is characterized as a virulence factor because of its ability to engage
the host tissue in redox-cycling that is believed to induce oxidative stress that is linked to
disease[39]-[42] The toxicity of the agricultural chemical paraquat is believed to result from
its ability to redox-cycle and induce oxidative stress[43], [44] Finally, some anticancer drugs
are purposefully designed to engage cancer cells in damaging redox-cycling reactions[45],
[46] While these examples illustrate the potential damaging consequences of redox-cycling,
there have also been reports suggesting that redox-state (oxidized or reduced) is a form of
biologically-relevant information and redox-cycling is a mechanism for “reading” this
information. For instance, the redox-cycling bacterial metabolite, pyocyanin, has been
suggested to perform redox-state-dependent quorum sensing signaling function[47]

In summary, redox reactions are integral to biological processes that range from energy
harvesting and biosynthesis, to immune defense and intercellular communication (i.e., redox
signaling). Relevant measurements of redox could provide important insights of biological
state or detect dynamic activities in complex biological systems[48] Despite this motivation,
measurements of redox (e.g., of E) remain controversial and are not well accepted. Thus, the
development of methods that yield meaningful redox measurements could provide an
important characterization tool for redox biology. As will be discussed, we are developing an
interactive methodology to measure redox features and this measurement approach enables
us not only to observe but also to perturb (i.e., actuate) biological systems.

B. Electrochemical Access to Redox Information

In the above, we explained that biology uses redox to perform various functions including
communication (i.e., redox signaling)[29], [49] This redox communication modality is
independent from the traditional molecularly-specific modalities and the globally-acting ion-
based electrical modality. From a molecular communication standpoint, our unique insight is
that this redox modality has both molecular features and electrical features[50], [S1] The
electrical features reflect the fact that redox reactions represent a “flow” of electrons. The
molecular features reflect the fact that since free electrons do not exist in aqueous solution
they must be “carried” by molecular intermediates (e.g., Fig. 3b shows biology’s use of the
diffusible chemical species NADPH to mediate the “flow” of electrons between degradative
and biosynthetic pathways). Our overarching hypothesis is that the electrical features of this
redox modality should enable relatively simple access by electrochemical measurements.
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Electrochemistry is a particularly versatile methodology that starts by immersing an
electrode in a solution. This electrode is our “device” in Fig. 1b. (Experimentally, the
electrode of interest is termed the working electrode and it is typically immersed in the
solution with two other electrodes, a counter electrode and a reference electrode). The
voltage to this electrode (i.e., £) can be precisely set to have reducing (more negative) values
or oxidizing (more positive) values as illustrated in Fig. 5a (note the inverted scale). This
voltage serves as the thermodynamic driving force for electrons to be transferred across the
electrode-solution interface. As mentioned, since free electrons do not normally exist in
solution the transfer of electrons from the electrode into the solution must be accompanied
by the acceptance of an electron by a solution-phase molecule. This gain of electron serves
to reduce the solution-phase molecular species. In contrast, when the imposed potential is
more oxidative (more positive) then electrons can be transferred from a solution phase
chemical species into the electrode, in which case the solution phase chemical is oxidized. It
is important to note that not all chemical species are redox-active and capable of donating or
accepting an electron at an electrode (in an analogous manner, not all molecules are acids or
bases and capable of donating or accepting H"). Further, if a molecule is redox-active, then
its intrinsic ability to donate and accept an electron is characterized by £ (just as an acid’s
ability to donate H' is characterized by its pKy). It is also important to note that a redox-
active molecule may be unable to donate or accept an electron even in the presence of a
strong thermodynamic driving force if significant kinetic barriers limit electron exchange
(such barriers are an intrinsic chemical characteristic of the molecule).

A unique feature of our electrochemical methodology is that we purposefully add diffusible
redox-active chemical species that can easily exchange electrons with an electrode (i.e., they
have small or no kinetic barriers to electron exchange). Fig. 5a shows one such chemical
species is Ru(NH3)sCl3 (Ru>*) which has an £ =—0.2 V (vs a Ag/AgCl reference
electrode). When the imposed voltage at the electrode is more reducing (more negative) than
—0.2 V, then electrons are driven to “flow” across the electrode-solution interface to reduce
Ru?" to Ru?™. This flow of electrons is measured as a cathodic current. When the electrode
voltage is set to be more oxidative (more positive) than —0.2 V, then there will be a driving
force for electrons to be transferred in the opposite direction. In this case, electrons will flow
from Ru?" into the electrode, the Ru?" will be oxidized back to Ru3", and an anodic current
will be observed. Importantly, the electrochemical reactions must occur at the electrode-

3*/2F in this case) can diffuse away

solution interface and the redox-active species (e.g., Ru
from the electrode surface into the bulk solution. In fact, electrochemical reactions can often

be limited by diffusion of the redox-active chemical species to the electrode surface.

One desirable feature of electrochemistry is that the voltage imposed at the electrode can be
varied through a user-defined and arbitrarily complex sequence of voltages. For instance,
electrochemists often impose cyclic-input voltages as illustrated in Fig. 5b. In these cases, a
readily reversible redox-active chemical species in the solution phase could be sequentially
oxidized and reduced as the voltage cycles around its £0. This is illustrated by an example in
which we added the readily-reversible redox-active chemical species, Ru>™ (E2 =—-0.2 V) to
a buffered solution and imposed cyclic voltage inputs. The output response from this
experiment is shown in two representations; current-time curve (Fig. 5b), and current-
voltage curve (Fig. 5c). The current-time representation shows the output is essentially
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“steady” (i.e., time-invariant) indicating the output current sequence of (Ru3"-reduction)-
(RuZ*-oxidation) is repeated in response to the imposed cyclic input voltage. The current-
voltage representation shows the switching of the direction of the current (oxidative vs
reductive) occurs around the £° value of Ru3™.

Conventional wisdom is that electrochemistry has significant strengths but also significant
weaknesses. The strengths are that electrochemistry uses relatively inexpensive and
potentially-portable instrumentation, while the measurements are simple, rapid and sensitive.
There are two important limitations. First, electrochemical measurements require direct
contact since electron transfer must occur at the electrode surface. As a result,
electrochemical measurements can be invasive and only probe the local environment near
the electrode (detection requires chemical species to diffuse to the electrode surface). A
second limitation is that electrochemical measurements are not molecularly-specific in that
numerous chemical species may be capable of exchanging electrons at a given imposed
potential. As a result, the measured current will reflect the cumulative rates of electron
transfer and it is generally impossible to discern the contributions from individual chemical
species.

An important feature of electrochemistry that we believe is underutilized is its ability to be
coupled with information processing. Specifically, electrochemical methods allow:
arbitrarily complex input voltages to be imposed (e.g., for transmitter coding); the output
currents to be sensitively measured (e.g., for receiver decoding); the electrical outputs can be
measured at the same time as measurements from additional sensors (e.g., optical) to enable
a fusion of sensor information; the data can be collected instantaneously in a format
appropriate for real-time data analysis; and the input sequence could be adjusted on-the-fly
for autonomous operation (e.g., to enlist machine learning to maximize mutual information).
Our goal is to enlist these technological capabilities to enhance our ability to engage in
redox-based communication with biology.

In summary, electrochemistry is an exciting measurement tool that can access biologically-
relevant information by focusing on the electrical features of the redox modality[50], [51]
While there are limitations to electrochemical measurements, we believe there are under-
appreciated opportunities to couple electrochemical measurements with information
processing to enable redox-based bio-device communication. To exploit these opportunities,
we extensively enlist the use of redox-active chemical species (e.g., Ru>™) as mediators to
shuttle electrons between an electrode and a local environment. Importantly, the extensive
use of such diffusible mediators is uncommon in electrochemistry but, as will be seen,
enables electrochemistry to be used for bio-device communication.

IIl. EvLectrocHemicaL Repox=-ProBinG To AcauiRe INFORMATION

In our opinion, the first step in developing redox as a molecular communication modality is
to develop the capabilities to measure molecularly-based redox information. In this section
we explain our electrochemical measurement approach and provide two examples
demonstrating the acquisition of biologically-relevant redox information.
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A. The Sonar Analogy

Our use of mediated electrochemical probing to search a local environment for redox-based
chemical information is approximately analogous to sonar’s probing to detect/identify a
physical object[51], [52] As illustrated in Fig. 6a, sonar transmits a pressure wave that
propagates through a medium in search of an object that is detected by its generation of a
reflected wave that can be interpreted to determine the object’s size, shape and motion. Fig.
6b illustrates that in our interactive redox-probing approach we encode information using an
electrical (i.e., voltage) input sequence. The electrode serves as a transmitter that converts
the electrical input into a redox signal. Specially, redox reactions at the electrode can switch
the redox states of the mediators and diffusion of these mediators serve as the propagating
redox signal (Note: the mediators serve as diffusible bi-stable redox switches that can be in
either oxidized or reduced states). As these mediators diffuse (i.e., propagate) into the local
environment, they can encounter and exchange electrons with redox-active components of
this local environment. Such electron exchanges (i.e., redox reactions) serve to acquire redox
information of the local environment by switching the redox-state of the mediators and this
redox-based chemical information is “received” when the mediators return to the electrode
and their redox-state is measured (note: the electrode serves as a co-located transmitter and
receiver).

Like sonar, we hypothesize that analysis of the input and output electrical signals will enable
us to detect and characterize important redox-based signatures of the local environment. In
some cases, these redox-signatures can be understood using chemical and biological
information (analogous to sonar’s capabilities to identify an object from physical models of
how objects reflect such pressure waves). However, in contrast to sonar, mediated
electrochemical redox-probing is a new approach both conceptually and experimentally, and
there are not (yet) relevant information theories (e.g., channel models) to guide interpretation
or to optimize the transmitted signal. At this stage of the research, our goal is to
experimentally demonstrate (somewhat empirically) that diffusion of redox-mediators can
serve as a propagating signal that can access biologically meaningful redox-based
information.

B. Discovering Redox-Based Signatures of Oxidative Stress

Oxidative stress refers to an imbalance between pro- and anti-oxidant activities in a
biological system (e.g., your body). Oxidative stress is linked to various diseases [16], [17]
which explains why we are often advised to consume foods and beverages rich in protective
antioxidants. While the underlying biological mechanisms of oxidative stress are
incompletely understood, emerging evidence suggests that it may be linked to
inflammation[16], [19], [20], [53]-[58] As mentioned in Fig. 3c, inflammation involves the
generation of damaging reactive chemical species (e.g., reactive oxygen species, ROS) that
can oxidize various molecular species (e.g., proteins) and cellular components. Because of
the link to diseases, there is currently intense interest in discovering biomarkers for oxidative
stress to assist medical researchers and potentially even clinicians. However, it is generally
unclear what should be measured, and various chemical species are being investigated as
candidate molecular biomarkers. Such candidate biomarkers include: the signaling
molecules that trigger inflammatory responses (e.g., inflammatory cytokines) [40], [59]—
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[63], the reactive species responsible for the damage [17], [64]-[66], the physiological
antioxidant molecules (ascorbate and glutathione) [61], [67]-[75], the protective defense
mechanisms (e.g., upregulation of ROS-degrading defense enzymes)[17], [18], [20], [53],
[76], or the damaged molecules or cells [40], [77]-[79].

Conventional approaches to search for molecular biomarkers rely on advanced methods
from analytical chemistry that have two limitations. First, measurement of a single (or even
several) molecular species at a single time point will access only limited information of
oxidative stress and such granular molecular detail may be insufficient to identify the
dynamic phenomena that are acting at a global systems level[80], [81] Second, searching for
detailed molecular features is complex typically requiring specialized instrumentation (mass
spectrometry or immunoassays), trained personnel and long delays (hours to days).

Our approach is different, we are enlisting advances in information science (not analytical
chemistry) to discover characteristic signatures of oxidative stress. Specifically, we are using
mediated electrochemical probing to access chemical information at a global level (not at a
detailed molecular level) and we are using information processing approaches to discern
signatures of oxidative stress. In essence, our approach uses simple rapid electrochemical
measurements to generate an “information-rich data stream” that can then be interpreted to
identify molecular signatures of oxidative stress. Using the sonar analogy, our challenge is
discovering what transmitted redox signal can best reveal signatures of oxidative stress even
though: (i) there is incomplete biological information of what we are searching for, and (ii)
there is no appropriate channel model for redox-probing.

Our specific clinical example is schizophrenia. Schizophrenia is a serious mental health
disorder that is poorly understood and relies on subjective measures from patient interviews
for diagnosis and management: there are no established blood tests or biomarkers to assist
either researchers in understanding the disease or clinicians for managing the disease.
Emerging research indicates that schizophrenia is linked to inflammation, redox
dysregulation and oxidative stress, [18], [20], [60], [63], [76], [82]-[85] however the linkage
is uncertain in part because of the absence of an accepted measurement of oxidative stress.
By teaming with engineers, chemists, biostatisticians and clinicians, we are examining how
the coupling of mediated electrochemical probing and signal processing can be used to
discover signatures of oxidative stress from serum samples[86]

To identify redox-based signatures of oxidative stress, we probed diluted serum samples
using the chemical mechanism illustrated in Fig. 7a [87] We start by adding an iridium
mediator (K3IrClg) which is initially in its inactive, colorless reduced state (Ir>* which for
convenience is designated IrREP). To initiate probing we impose an oxidative voltage that
converts the mediator into its oxidized, yellow-colored state (Ir*" which is designated 1r9X).
119X is a moderately strong oxidant (yet within the physiologically relevant range) that can
exchange electrons with a wide range of molecular species (e.g., with proteins and cellular
antioxidants such as ascorbate and glutathione). Importantly, Ir9X is particularly sensitive to
thiols (e.g., the cysteine amino acids in proteins) which are common sites of oxidative
damage. [88], [89] As illustrated in Fig. 7b, the IrOX generated at the electrode propagates
into the sample by diffusion where it “probes for” electron-rich molecular species from
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which it can extract electrons and switch it from its yellow-colored Ir9X state back to its

RED

colorless state. Fig. 7b also shows that the regenerated Ir can propagate back to the

electrode by diffusion and be reoxidized.

From a signal processing perspective, redox-probing involves transmitting an IrX redox
signal at the electrode (i.e., transmitter), this redox signal propagates into the local sample
environment (by diffusion) where it detects redox-activity by being switched from its IrOX
state to its IrRED state, and this IrREP propagates back to the electrode (i.e., receiver) where
it is measured by re-oxidation of I'REP back to Ir9X. From a chemistry perspective, this
sequence of events is an oxidative redox-cycling mechanism and such mechanisms lead to
amplified electrochemical oxidation currents. In addition to measuring the electrical current
(a measure of the electron transfer rate at the electrode), Fig. 7 shows that a specialized
spectroelectrochemical cell allows the simultaneous measurement of the optical absorbance
associated with the yellow color and this is related to the local IrX concentration. When
Ir9X undergoes oxidative redox-cycling, this optical signal is attenuated.

To illustrate the measurements, we show results from two control experiments involving
well-defined buffered solutions[87] The first control experiment examined buffered solutions
of varying concentrations of the physiological antioxidant glutathione (GSH). IrREP (0.5
mM final concentration) was added to these GSH-containing solutions and redox-probing
was initiated by imposing a 1 min oxidative input pulse (+0.65 V vs. Ag/AgCl) to convert
IrRED to [tOX (Fig. 8a). During this pulse, the electrical output was quantified as the
oxidative charge transferred (Q= J ¢, 7 current). As expected, the electrical output: (i)
increases over time during this on-pulse, (ii) is amplified when GSH is present in the
solution (presumably due to Ir-based redox-cycling), and (iii) is amplified to a greater extent
for solutions containing higher GSH levels (the upper plot at the right in Fig. 8a). During the
oxidative input pulse, we simultaneously measured the yellow color associated with the
19X, As expected, the optical output: (i) increases over time during the oxidative on-pulse,
(ii) is attenuated when GSH is present, and (iii) is attenuated to a greater extent for solutions
containing higher GSH levels (lower plot at the right in Fig. 8a). The far right plot in Fig. 8a
shows a close correlation between the amplified electrical output and the attenuated optical
output. These results demonstrate that Ir-based redox probing is sensitive to concentration-
dependent chemical information.

In the second control experiment, we probed buffered solutions containing individual serum
components that are expected to serve as physiological antioxidants (note these components
were tested at concentrations that were 10-fold diluted compared to serum levels). Fig. 8b
shows a more complex pattern of outputs emerge (only optical outputs are shown) for these
different components and these differences presumably reflect differences in their chemical
reactivities. Such differences in reactivities are apparent from the decay in the optical signal
after the 1-min oxidative voltage has been turned off: we refer to this decay as “redox
relaxation”. During this redox-relaxation period, the optical signal decays because the
yellow-colored Ir®X is both diffusing out of the optical window and being re-reduced to
IrRED by accepting electrons from chemical components in the solution. For instance,
bilirubin appears to be highly reactive with a rapid decay in the optical signal observed
during the redox-relaxation period of the measurement. This decay was quantified using a
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first order rate model and the rate constant was used as a signal metric. The differences in
this decay metric observed in bottom plot of Fig. 8b illustrates that Ir-based redox-probing
can access molecule-dependent information.

The results in Fig. 8 illustrate that Ir-based redox-probing with a single 1-min oxidative
pulse followed by a redox relaxation period could access concentration- and molecule-
dependent information using 4 quantitative signal metrics: amplification of the electrical
signal, attenuation of the optical signal, a cross-correlation of optical and electrical signals,
and the optical decay during the relaxation period. For analysis of the more complex serum
samples, we developed a 3 pulse-relaxation sequence that yielded a total of 14 signal metrics
and we tested this sequence using clinical serum samples obtained from 10 persons
diagnosed with schizophrenia and 5 healthy controls (see reference for details of the pulse
sequence and signal metrics)[87] Using a Wilcoxon non-parametric test and receiver
operating characteristic (ROC) analysis, Fig. 9 shows that 2 signal metrics show statistically
significant capabilities to discriminate the schizophrenia and control groups based on their
levels of oxidative stress. Combining information from these two metrics using multiple
logistic regression analysis, we observed even greater discriminating abilities[87]

In summary, the results in Fig. 9 indicate that Ir-based redox-probing of serum samples
accesses redox-based information related to oxidative stress. This measurement method is
simple and rapid (the 3-pulse sequence took 40 minutes), and provides data in a convenient
format for information processing. Importantly, this method accesses redox-information at a
global, systems level and the biological-relevance of this information is apparent from its
ability to correlate to subjective clinical measures of disease (i.e., a diagnosis of
schizophrenia). Importantly, these results can be viewed as an initial validation of the
methodology with considerable room for improvement by using different redox-mediators or
optimizing the electrical input signal to maximize “information harvesting”.

C. Characterizing the Redox Properties of the Melanin Pigments

Melanins represent a diverse class of natural biopolymers that are present in organisms that
range from bacteria to vertebrates including human and squid. In humans, the dark
eumelanin pigments are believed to protect the skin and eye from radiation, free radicals and
oxidative insults[90]-[93] In contrast, the lighter-colored pheomelanins that are found in
persons with red-hair and fair complexions have been suggested to have deleterious
photosensitizing[94] and pro-oxidant activities[95]-[98] Understanding the differences
between eumelanin and pheomelanin has been challenging because these pigments are
insoluble which has made it difficult to study their structures and properties. Fig. 10a shows
that eumelanin is believed to be synthesized from the amino acid tyrosine, while
pheomelanin is believed to be synthesized from the two amino acids tyrosine and cysteine.
[99]-[101] In our studies we used mediated electrochemical probing as a reverse
engineering approach to discern functionally-important differences between eumelanin and
pheomelanin[102], [103]

Experimentally, we started with synthetic models and human samples of eumelanin and
pheomelanin, and we entrapped these samples in a hydrogel film that was coated onto an
electrode. This hydrogel film coating serves to localize the insoluble melanin particles
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adjacent to the electrode.Importantly, this hydrogel film coating is permeable such that redox
mediators can diffuse throughout the film to probe the redox-activities of the insoluble
melanin particles. We next immersed these film-coated electrodes in solutions containing
three mediators each with different redox potentials: Ru?* (£ =—0.2 V); Fc (2 =+0.25 V);
and Ir3" (£ = +0.55 V). Redox-probing was initiated using various imposed input voltage
sequences while we observed the response characteristics to discern differences between
these melanins[104]

We probed these samples using a variety of electrical input sequences and used chemical
intuition to assist in interpreting the output response characteristics to lead to the conclusions
illustrated Fig. 10b. Specifically, we observed eumelanin can accept electrons from Ru?" and
donate electrons to both Fc* and Ir**, while pheomelanin can accept electrons from both
Ru?" and Fc and donate electrons to Ir*"[104]

Fig. 10c shows results from one input sequence that was used to support the conclusions in
Fig. 10b. In this probing, a cyclic voltage was imposed in the presence of the three
mediators. The voltage was initially cycled through oxidative voltages, where Fc was first
oxidized followed by the oxidation of Ir3*. When a synthetically-prepared model of
eumelanin was probed, the output curve shows an oxidative current peak for Fc (peak “B”)
and for Ir3" (peak “C”). Importantly, these peak currents are amplified relative to the
currents observed for a control film that lacked melanin. As noted earlier, this current
amplification is a signature of oxidative redox-cycling which indicates that eumelanin is
donating electrons to both the Fc' and Ir*" mediators which are serving to shuttle the
electrons from the eumelanin to the electrode. When the input voltage was cycled to
reducing potentials, then electrons could be transferred in the opposite direction to reduce Fc
*and then Ru3™ mediators. For the case of the synthetic eumelanin, an amplified Ru3*
reduction peak was observed (peak “A”) indicating that this mediator can undergo reductive
redox-cycling with eumelanin. No obvious current amplification was observed for Fc*
reduction. This response characteristic indicates that eumelanin is redox-active and has a
redox potential (£°) between those for Fc and Ru3™. [104]

The output response characteristics for films containing the synthetic model pheomelanin
are shown at the right in Fig. 10c. For the case of pheomelanin, an amplification is observed
for Ir-oxidation (peak “C”) while considerably less amplification is observed for Fc-
oxidation (peak “B”). When the voltage was cycled to reducing potentials, the pheomelanin-
containing film shows amplification for both Fc™-reduction (peak “D”) and Ru3*-reduction
(peak “A”). This result indicates that both Fc and Ru?" can engage pheomelanin in reductive
redox-cycling. Importantly, peak “D” was unique for pheomelanin and not observed when
the eumelanin-containing film was probed. These response characteristics indicate that
pheomelanin has a redox potential between those for Fc and Ir*" which would be more
oxidative (more positive) than that for eumelanin[104]

From a biological perspective, the results from this study reveal features of melanin that had
previously been unknown or at least under-appreciated:[ 103] melanins are redox-active, they
can be repeatedly switched between oxidized and reduced states, and pheomelanin has a

more oxidative redox potential than eumelanin. Potentially, this difference in redox potential
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could explain pheomelanin’s pro-oxidant activities[104] Modifications of this redox-probing
methodology have also shown that melanins can undergo redox-cycling interactions with
drugs and exogenous chemicals which may provide insights on the modes-of-action or side
effects of drugs[105] or the mechanisms-of-action of environmental toxins[106] Further,
modified redox-probing has shown subtle features of melanin’s protective radical
scavenging activities[107]

More broadly, the use of a signal processing-based reverse engineering approach to
characterize materials is fundamentally different from traditional materials science
approaches to materials characterization. Traditionally, materials are characterized using a
somewhat reductionist structural approach: the chemical structure is characterized over
hierarchical length scales (e.g., from the covalent bonds to the crystal structure) and this
structural knowledge is used to guide experimentation/modeling to understand and predict
functionally-important properties. Mediated redox probing characterizes materials at a
systems-level and especially focuses on functional properties. We believe such a systems-
level approach is well-suited for materials such as melanin that: (i) are complex and not
easily characterized by conventional structural approaches; and (ii) possess context-
dependent functionalities that are difficult to discern from static chemical analyses (i.e.,
some of melanin’s functional properties depend on whether it exists in an oxidizing or
reducing environment)[102], [107]

IV. EcLectrocHeEmicaL Transmissions To Transpuce BioLogy

To develop redox as a molecular communication modality, we believe it is necessary to
demonstrate that redox-based information can be both received (i.e., measured) and
transmitted. In the previous section we demonstrated the use of mediated electrochemical
probing to measure (i.e., acquire) redox-based molecular information. Here we describe
initial studies that demonstrate the use of electrochemically-generated molecular
transmissions to induce two specific biologically-relevant responses: the patterning of
biological structure and the induction of gene expression.

A. Molecularly-Induced Biological Patterning

Biology is well-known for its use of diffusible molecular signals to cue transitions in
structure and function. For instance, Fig. 11a illustrates that morphogenesis is cued by
gradients in signaling molecules (i.e., morphogens) that induce spatially selective
differentiation of the various cells. In some cases, these molecular cues are provided in an
oscillatory fashion to yield more complex segmented tissue patterns as illustrated in Fig. 11b
for the emergence of vertebrae in the developing embryo. Quantitative analysis of such
biological patterning often employs reaction-diffusion models[108]-[111] such as the clock-
and-wavefront model used to explain the emergence of the segmented pattern of Fig.
11b[112]-{118]

Recent efforts to generalize such morphogen patterning phenomena within the context of
information theories[119]—-[121] are enlisting a recent concept of a “pattern language” that
involves Dynamic Patterning Modules. [122]-[124] For instance, this concept considers
embryonic tissue as chemically excitable media that can be cued to self-organize into
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complex patterns in response to diffusible cues (i.e., morphogens)[124] Most relevant for the
present discussion is the observation that many of the biological materials that undergo
pattern formation are somewhat generic in biology.In particular, a common set of self-
organizing proteins (e.g., collagen) and polysaccharides (e.g., cellulose and chitin) are a
recurrent morphological motif used in biology to create complex extracellular

structures[ 124] Thus, according to this concept, information coded into the diffusible
molecular signals provide the cues that direct generic excitable materials to self-organize
into unique patterns (note: the information could be encoded in the timing and/or
concentrations of morphogens).

B. Electrochemically Generated Cues to Induce Self-Organization

Several groups independently reported that various stimuli-responsive self-assembling
proteins (e.g., collagen[125]-[134] and silk [135]-[144]) and polysaccharides (e.g., chitosan
[145], [146] and alginate[147], [148]) could be cued to self-assemble in response to imposed
electrochemical inputs. Chitosan is likely the best-studied example, and its electrode-
position occurs through a cathodic neutralization mechanism illustrated in Fig. 12a. As
illustrated, chitosan is a pH-responsive self-assembling aminopolysaccharide. At low pH, the
glucosamine residues are protonated making the chitosan polymer positively charged and
water-soluble. At high pH, the glucosamine residues are deprotonated, the chains lose their
charge and can undergo polymer-polymer self-associations that lead to a 3-dimensional
hydrogel network. These associations result in crystalline network junctions that serve as
non-covalent physical crosslinks[149]

Experimentally, electrodeposition occurs when an electrode is immersed in a slightly acidic
chitosan solution (pH « 5 to 6), and a sufficiently reductive voltage (< —1.8 V vs. Ag/AgCl)
is applied to promote water electrolysis. As illustrated in Fig. 12a, this electrolysis results in
the localized generation of OH™ and a localized region of high pH adjacent to the electrode.
As the OH™ diffuses away from the electrode, it can react to neutralize chitosan chains and
induce their self-assembly (i.e., this self-assembly is essentially a sol-gel transition). Over
time the chitosan hydrogel film grows from the electrode and this growing gelation front is
co-localized with a pH front as illustrated in Fig. 12a. In essence, OH™ is serving as an
electrically-generated “morphogen” [150]-[152] that cues the formation of hydrogel
structure as it diffuses and reacts in the medium. From an information transduction
perspective, electrodeposition can be viewed as the transduction of electrical inputs into a
diffusible molecular signal that induces self-assembly and the generation of hierarchical
structure. We illustrate this electrical-structural transition by 2 recent examples.

The first example illustrates the electrical writing of structural patterns onto a dual-
responsive, “excitable” hydrogel medium. This medium was prepared by blending two
polysaccharides that can self-assemble in response to orthogonal cues. Specifically, the pH-
responsive chitosan was blended with a second polysaccharide, agarose, that is thermally
responsive, can be dissolved at moderately high temperatures but forms a hydrogel upon
cooling below about 37 °C. A chitosan-agarose blend was prepared at low pH (5.5) and
warm temperatures (85 °C) and this blend could be poured into a mold and cooled to allow
the agarose hydrogel to form. This medium remains excitable (i.e., responsive) because the
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chitosan chains remain positively charged (designated Chit-H") and dis-associated, but can
be cued to self-assemble by providing appropriate high pH cues to deprotonate the chains to
induce their self-association (designated Chit’). Fig. 12b shows that these high pH cues were
supplied to localized regions using an electrode “pen” (a stainless steel acupuncture needle).
Importantly, this electrode writing “excited” the chitosan-agarose medium to form stable
gradients in structure and these gradients in structure were shown to be accompanied by
gradients in mechanical properties, chemical reactivities and cell adhesion[153]

The second example illustrates that complex electrical inputs can be used to cue an
“excitable” medium to generate complex structural patterns. As described above, a dual-
responsive chitosan-agarose medium was prepared, but in this case, a wire electrode was
embedded within the medium. Fig. 12¢ shows that the Chit-H" chains in this excitable
medium were cued to self-assemble using an oscillating imposed voltage input that
repeatedly interrupted the self-assembly (gelation) process[154] Such interruptions have
been observed to yield segmented structures (sometimes referred to as “onion structures” or
“multilayers”) through incompletely understood mechanisms[145], [155], [156] The optical
and electron microscope images in Fig. 12¢ show the resulting segmented structures that
emerged. For instance, the optical image in Fig. 12¢ shows the creation of a hydrogel with
30 segments while the SEM images further illustrate the segmented structure. Although the
underlying molecular mechanisms that link the diffusible input signal to the structural
response are incompletely understood, the phenomenon is reproducible. Specifically, the
segments grow during the “on” step while boundary regions emerge during the “off” steps,
and the width and number of segments is controlled by the “on” and “off” cycles.

In summary, the above results indicate that the transmission of a time-varying electrical
input signal provides a propagating signal that can induce the formation of arbitrarily
complex spatially-varying structures in a responsive (i.e., excitable) medium. The
propagating chemical signal in this example was the electrode-generated base (OH"),
although there are several emerging examples in which different redox cues are being used
to cue self-assembly[152], [157]-[159]

There are two interesting additional features to note. First, there appears to be two
components to the input signal in Fig. 12c: the chemical component (OH") that triggers self-
assembly and can be quantified by current density and the charge transferred (Q= J ¢, 7
current); and an electrical component (electric field) that can provide a force to induce
motion of the charged polymer and also orient the dipoles to align the polymer chains[133],
[135], [141], [145] Second, there is an interesting fundamental difference in the energetics of
pattern generation between the developing embryo and the electrochemically-induced
segmented hydrogel of Fig. 12c. Specifically, the diffusing morphogens in biology mobilize
local cellular energy resources for pattern formation,[123] while the electrode in Fig. 12¢
must provide both the diffusing molecular signal and the energy required for pattern
formation.

More broadly, there is considerable interest in applying concepts from information science
to biology. Such efforts recognize the importance of macromolecular structure to biological
information storage (e.g., genetic information in stored in DNA) and information processing
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(e.g., molecular recognition events are often transduced through protein conformational
changes). If we extend this concept, then tissue could be considered to be a dynamic living
medium where information is exchanged among cells through various modalities (e.g.,
molecular, mechanical and electrical)[123], [160] and this information provides the cues that
guide key biological decisions such as cell adhesion, migration and differentiation. Thus,
information theory may provide a framework for regenerative medicine (e.g., tissue
engineering) that integrates the three, seemingly independent components (cells, material
scaffolds and molecular cues) by considering the interactions (i.e., communication) among
these components. Specifically, information theory may provide a framework to characterize
the dynamic information flow in tissue and may assist in the development of biofabrication
methods that can recapitulate such complex communication networks (as opposed to
focusing on recapitulating the structural “networks”). We envision that the use of electrical
inputs to generate structure from excitable biological materials (i.e., “electrobiofabrication”)
could provide enabling capabilities for creating such complex communication networks for a
range of life science applications.

C. Biology as a Redox Transceiver

As noted in Fig. 3¢ a common immune response to the detection of a bacterial pathogen is to
initiate a chemically-based counter-attack by locally generating damaging reactive oxygen
species (ROS). From the perspective of the bacterial pathogen, a successful defense against
this ROS-based chemical counter-attack may mean the difference between life and death.
Thus, bacteria have developed various mechanisms to detect such oxidative stresses and
destroy the associated ROS[161]

One ROS-based oxidative stress response mechanism is the soxRSregulon[162], [163] that is
illustrated in Fig. 13a and is believed to protect against one ROS, superoxide[161], [164],
[165] SoxR is a redox-responsive protein with an iron—sulfur cluster that can be oxidized by
superoxide and undergo a conformation change that activates expression of the superoxide-
degrading enzyme superoxide dismutase (SOD). Importantly, the SoxR [2Fe-2S]3" clusters
can be re-reduced to turn off gene expression ofsoxRS regulon[164], [165] Interestingly, it
has been observed that this regulon is not specific to superoxide but has been observed to be
turned on by chemicals such as pyocyanin and paraquat that can undergo redox-cycling
within the cell[166], [167]

A second mechanism bacteria use to protect against ROS-based oxidative stresses is the
oxyRS regulon that is shown Fig. 13b[168] In this case, a different ROS (H,0,) is detected
by the sulfur-switching transcription factor OxyR: thiol residues of this OxyR protein are
oxidized which initiates an up-regulation of the genes to produce the H,O,-degrading
enzyme catalase[161], [168] Importantly, this sulfur switching mechanism is reversible in
that the oxidized disulfide bond can be switched back to the reduced thiol state by
intracellular reductants such glutathione[169] Thus, this sulfur-switching mechanism
enables the bacteria to detect ROS-based information of oxidative stress and respond
appropriately.

From a communications standpoint, these regulons serve as redox-based transceivers — they
can recognize redox-based input signals (e.g., ROS or redox-cycling molecules that serve to

Proc IEEE Inst Electr Electron Eng. Author manuscript; available in PMC 2020 July 01.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuely Joyiny

1duosnuely Joyiny

Kim et al. Page 18

impose oxidative stresses) and process this chemical information (by regulating gene
expression) to generate appropriate output responses. Synthetic biology provides the means
to alter these transceivers to fuse the receiver capabilities to alternative signal-generators
(i.e., to generate alternative transmissions). currently we are developing the synthetic
biology redox-toolkit to enable the design of such living transceivers. For instance, we
recently re-wired E. coli by fusing the oxyRS[170] and soxRS[171] receivers to response
elements that upregulate genes for chemotaxis: these synbio constructs direct their motility
toward gradients in redox-active molecules.

D. Re-wiring Redox Transceiver for Two-hop Molecular Communication

A long-term vision for our research is to couple molecular communication and synthetic
biology (synbio) to observe and adjust the gut microbiome to improve human health. The
first step along this path (Fig. 14a) is to engineer a synbio construct to recognize and
respond to device-imposed transmission. As illustrated, information that is coded in the
electrode’s electrical input is converted into a redox transmission (by oxidation of a
mediator). This redox transmission propagates through the solution (by diffusion of the
mediator). A synbio construct (an engineered E. coli cell) receives this redox signal,
perceives it as an oxidative stress, and is re-wired to decode this message by inducing gene
expression. Briefly, we: selected a mediator that is known to extract electrons from bacteria
to impose an oxidative stress;[172]—-[174] used pyocyanin as an inducer as it has been shown
to interact with the soxRS regulon (e.g., it mimics superoxide); and engineered the E. coli
synbio construct to express a readily observable fluorescent protein. [175]

Fig. 14b shows three types of responses. In the first region, where the imposed voltage was
more reducing than the £ for the mediator (+0.2 V vs Ag/AgCl), only small electrical
currents were observed indicating little redox communication between the electrode and
bacteria. Consistent with this interpretation is the observation that the cells did not appear to
be oxidatively-stressed as indicated by minimal generation of the fluorescent protein.

In the second region, more oxidative voltages were imposed (between 0.1 and 0.25 V) and
significant oxidative currents were observed indicating that these electrical inputs were
inducing significant mediator-induced oxidative stresses on the bacteria. Consistent with this
electrical measurement is the observation of increasing biological response (i.e., expression
of fluorescent protein). In the third region, the imposed electrical inputs were more oxidative
(greater than 0.25 V), and both the electrical and biological responses appeared to be
saturated. Interestingly, Fig. 14b suggests that the biological response to the electrical input
is “gated” by the mediator as the biological response is induced near this mediator’s redox
potential (£ =+0.2 V).

A second step toward coupling molecular communication and synthetic biology (synbio) for
a healthy gut microbiome is to engineer the synbio construct to respond to device-imposed
transmission by generating a molecular signal that can communicate with other bacteria in
the microbiome. In our initial demonstration, Fig. 14c shows that we engineered an E. coli
synbio transceiver (e.g., a relay cell) to receive the mediator-based redox input, process this
input by upregulating genes to synthesize and transmit a bacterial quorum sensing (QS)
molecule. This QS molecular signal can be recognized by a target cell population (also
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referred to as receiver cells). In our demonstration, we engineered a model receiver cell that
recognizes the QS molecule and is re-wired to respond by expressing a readily measurable
fluorescent protein[175]

Experimentally, the relay and receiver cells were co-cultured in the presence of the inducer
(pyocyanin) and mediator, the electrical input was imposed by the electrode while the
biological response was observed by measuring fluorescence. Fig. 14d shows the results
from this two-hop communication demonstration. We should note that the electrical input
(x-axis in Fig. 14d) is the charge transferred from the electrode (Q= [ idt) which is a
quantitative measure of the extent of redox-based communication between the electrode and
biology[175]

In summary, the above results demonstrate redox-mediated communication between an
electrode device and a synbio construct as envisioned in Fig. 1. Previous studies (not
discussed here) showed redox-based communication from biology to the electrode device to
perform sensing functions[176][177] Fig. 14 shows communication in the opposite direction
— from the electrode to the biology to actuate a response. Specifically, this synbio relay cell
used a redox-responsive regulon to “receive” a redox-input but was “re-wired” to respond by
generating a molecular QS signal capable of altering the behavior of a neighboring receiver
cell population. In a broader perspective, these results illustrate the possibility for coupling
the powers of electronic and biological information processing.

E. Conclusions and Perspectives

Biology uses redox to perform various functions including communication (i.e., redox
signaling). As summarized in Table 1, we suggest that redox is a modality that offers the
potential to bridge bio-device communication and to realize a molecular communication
vision. It is important to note that the progress described here has emerged from
experimentalists who are studying biological questions. To our knowledge, there has been no
communication engineering analysis of this redox modality. Thus, the research on this redox
modality aims to answer questions specific to biological information. In particular, biology
often stores information in chemical structure (e.g., DNA) and changes in structure are
integral to biological information processing (e.g., changes in protein-nucleic acid
interactions are integral to regulating gene expression). In many ways, the current redox-
based molecular communication research resembles biochemistry and materials science
focusing on questions such as: how can structure be characterized?, what stimuli are
responsible for inducing structural changes?, what properties and functions emerge from
structure? We envision that these questions could be reframed from a focus on structure to a
focus on information, and we imagine such a re-framing will reveal the role of redox as a
modality for information processing.

There are two broad themes of this review. First, redox is a useful modality for bio-device
communication. Redox reactions are integral to life and redox measurements provide a
“portal” into important biological activities. Redox may be an especially relevant modality
for observing the immune system as redox-based reactions are integral to defense and
signaling. Importantly, electrochemistry provides comparatively easy access to the electrical
features of redox, and electrochemistry also allows real-time access to the power of
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information processing. Especially important for our applications is the coupling of
electrochemistry with redox-mediators that are tailored to exert specific influences on the
surrounding local environmental. For instance, a sequence of oxidative input pulses with a
single mediator (iridium) could generate an information-rich-data-stream that upon analysis
could discern differences in the serum from persons diagnosed with schizophrenia compared
to serum from healthy controls (Fig. 9). Further, the use of three mediators could “tune”
probing to specific redox windows and this could reveal differences between pheomelanin
and eumelanin that may be integral to specific pathologies (Fig. 10). In addition to using
mediators to acquire information, our last two examples illustrated the use of mediators for
transduction. Fig. 12 illustrates that imposed electrical inputs could generate diffusible
signals (e.g., OH") that could provide the cues for an “excitable” responsive medium to self-
organize into complex patterns. Finally, Fig. 14 illustrates that redox provides the
opportunity to connect electrochemistry and cells to access the orthogonal information
processing capabilities of both electronics and biology. Thus, we believe these results
provide experimental support for the exciting vision of molecular communication.

A second theme embedded throughout this review is that information sciences provide
unique and complementary capabilities to the biological sciences. Traditionally, the
biological sciences have focused on details because details are often essential for
understanding mechanisms and designing interventions. However, it has become clear that
details alone can’t usually explain systems-level biological behavior (knowledge of the
genes does not generally enable predictions of phenotype). Information theory characterizes
systems-level operation and uses rather abstract ideas, defining information in terms of
uncertainty and evaluating the usefulness of a measurement in terms of mutual information.
While such abstractions can be unsatisfying in terms of detailed mechanisms, it has the
benefit of imposing a broader perspective on thinking. For instance, such abstract thinking
may impose a different metric on discovery efforts in biology: is it more efficient to invest in
analyzing a small number of samples to generate a detailed archival list and then apply
machine learning to discern what information is useful, or could resources be better invested
in a larger number of less-expensive but less-perfect measurements? Further, could
information theory provide a means to understand how a cell may integrate information
arriving through different modalities (molecular, mechanical and electrical) to make
decisions of cell fate? Or more broadly, could information theory provide new insights for
understanding and managing our biosphere: how vulnerable does our food supply, public
health and infrastructure become when we plant a mono-culture crop, apply a pesticide to
disrupt the existing web of life, or divert water supplies for alternative uses? Our hope is that
by identifying a simple, potentially portable but powerful measurement approach (mediated
electrochemical probing), we will bridge communication between biology and electronics
and catalyze conversations between experimentalists and information scientists.
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Fig. 1.

M%)lecular communication vision. (a) A broad vision of molecular communication involves
nanoscale-devices “talking” to biology through the native molecular modalities of biology.
(b) A simpler vision of communicating with biology through a global device-compatible
modality.
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Fig. 2.

Bigology’s global electrical modality associated ion flow across membranes provides easy
technological access. (a) Electrode measurements that lack molecular specificity allow
neurophysiologists to acquire biological information of the communication of nerve cells
and allow clinicians to monitor the health of a complex organ system. (b) Electrode inputs
can actuate biology to preserve life.
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Fig. 3.
Redox is a critical modality in biology. (a) Energy harvesting in respiration occurs through a

redox pathway in which individual electrons are transferred to membrane components that
can be switched between reduced (with electrons) and oxidized (without electrons) states.
(b) Biosynthesis often involves the transfer of electrons via diffusible electron carriers
(NAD(P)H) to generate more-reduced cell components. (¢) In the inflammatory response,
damaging reaction oxygen species (ROS) are generated by enzymatic electron transfer to
partially-reduce O,. (d) Diffusible redox-signaling molecule (H,O5,) can engage cellular
signal transduction mechanisms.

Proc IEEE Inst Electr Electron Eng. Author manuscript; available in PMC 2020 July 01.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuely Joyiny

1duosnuelp Joyiny

Kim et al.

(@)

Page 35

Acid-Base

Oxidation-Reduction (Redox)

HA = A" +H', K,= THA]

PK, = —logK,
Henderseon—Hasselbalch Equation

[A7]
[HA]

pH = pK, + log

_ [H7][A7]

B [05]
O, .‘—_"‘0', K =——
i : [0,]

E° RTIK

=—In
F

Nernst Equation

E =E°—0.059log (%)

(b)
NADH+H):,\

=

¢

NAD'

2,
/
\

2H*+1/20: ; 7

-
3

ADP +Pi N
: ) ATPase
ATP 44

Fig. 4.

Redox-Cycling

i iEEy
. v
. ’,

.’.;.IIIIII

Analogy between redox and acid-base reactions. (a) Quantitative analysis of equilibrium is

similar although many redox reactions do not spontaneously achieve equilibrium. (b) The

importance of pH gradients across membranes is well known while redox gradients resulting

from O, gradients can lead to redox-cycling.
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Fig. 5.

Electrochemical instrumentation can access redox information. (a) Electrochemical reactions
involve the transfer of electrons at an electrode-solution interface: from the electrode
perspective, electron transfer results in a readily measurable current; from the solution
perspective, electron transfer switches a chemical species between its reduced (with
electrons) and oxidized (without electrons) states. (b) User-defined and arbitrarily complex
voltage inputs can be imposed at the electrode: cyclic inputs can generate steady (time-
invarying) output currents as the mediator (Ru’") is repeatedly switched between oxidized
and reduced states. (c) An alternative representation of such data is a cyclic voltammogram
(CV) which plots the current output vs. voltage input: note the arrows illustrate the direction
of change of the cyclic voltage, while the change in current between oxidative (negative) and
reductive (positive) occur near the mediator’s £0.
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Fig. 6.
Acquiring redox-based information. (a) Sonar serves an analogy for our redox-probing

Page 37

method. (b) Interactive redox probing uses an electrode to provide input voltages that code

and fransmit redox signals that propagate by diffusion into the local environment to probe

for redox activities after which the mediator diffuses back to the electrode which receives

and decodes the information in the observed current.
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(a) Interactive Redox Probing System
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Fig. 7.

Dicovering signatures of oxidative stress. (a) To discover signatures, we treated serum
samples as a “white” box, used a single iridium (Ir) mediator and a 3-pulse electrical input
sequence to generate electrical and optical outputs that could be analyzed to discern
distinctive features. (b) The Ir mediator probes by extracting electrons from undamaged
serum components to yield an amplification in electrical outputs (due to redox-cycling) and
an attenuation of optical outputs (due to reaction of the yellow-colored Ir9X). Reproduced
with permission from Elsevier[178].
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Fig. 8.

Redox-probing of control solutions illustrate the Ir-probing method. (a) Buffered solutions

containing varying concentrations of the physiological antioxidant GSH were probed with Ir

and a single oxidative pulse. The response characteristics show an amplified electrical

output, an attenuated optical output, and a correlation between the two outputs to yield 3

signal metrics. (b) Buffered solutions of individual serum components (AA: ascorbic acid;

UA: uric acid; Alb: albumin; BR: bilirubin) show more complex response characteristics

Proc IEEE Inst Electr Electron Eng. Author manuscript; available in PMC 2020 July 01.



1duosnuely Joyiny 1duuosnuey Joyiny 1duosnuely Joyiny

1duosnuely Joyiny

Kim et al.

Page 40

(only optical outputs are shown) and a fourth signal metric based on decay (relaxation) of
the optical response. Reproduced with permission from Elsevier[178].
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Fig. 9.

Ir-based redox-probing can discern signature differences between persons diagnosed with
schizophrenia (N=10) and healthy controls (N=5). Samples were tested with a three pulse-
relaxation sequence that generated 14 signal metrics. Two signal metrics showed statistically

significant differences and combining these two metrics using multiple logistic regression

analysis yielded even greater discriminating abilities. Reproduced with permission from
Elsevier[178].
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Electrochemical reverse engineering to characterize the biological pigment melanin. (a) The

biosynthesis, structure and functional properties of eumelanin and pheomelanin have

important differences. (b) Reverse engineering results indicate pheomelanin has a more

oxidative redox potential that could explain its pro-oxidant properties. (¢) Illustrative

example shows that redox-probing with a cyclic electrical input sequence in the presence of

3 mediators revealed a distinct signature peak “D” for pheomelanin[104]
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(a) Morphogenesis
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Fig. 11.
Molecular transmission that actuates biological pattern formation. (a) Morphogen diffusion

is believed to cue the pattern formation in the developing embryo. (b) Oscillating molecular
cues are believed to be responsible for the segmented structure of vertebrae in the
developing spine. Reprinted with permission from [145]. Copyright (2018) American
Chemical Society.
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(a) Cathodic Deposition of Chitosan (b) Writing to Form Structure/Functional Gradients
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Fig. 12.
Transduction of electrochemical inputs into biomacromolecular structural outputs. (a) The

pH-responsive aminopolysaccharide chitosan responds to electrode-induced pH increases by
undergoing reversible structural changes (i.e., by self-assembling into a hydrogel network).
(b) Blending chitosan with a second polysaccharide, agarose, yields an “excitable” medium
that can respond to surface imposed electrical inputs (i.e., writing by an electrode pen) and
these structural changes also result in functional changes in mechanical, chemical and
biological properties. (c). Chitosan gel with multi-layer structure can be created by an
oscillating electrical on/off input. Reprinted with permission from[179]. Copyright (2016)
American Chemical Society.
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(b) oxyRS Regulon (Transceiver)
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Redox-responsive elements used by E. coli serve as a biological “transceiver” to detect

information of ROS-based oxidative stresses and respond by upregulating appropriate

defense genes. (a) When exposed to superoxide (one specific ROS), the SoxR protein can be

oxidized to undergo a conformational change that alters its binding to the DNA promoter

region to enable the expression of genes to defend against this oxidative stress. This process

can be reversed under reducing conditions. (b) When exposed to H,O, (another specific

ROS), the “sulfur switches” of the OxyR protein can be oxidized to undergo the

conformational change that up-regulates expression of different oxidative stress response

genes. These sulfur switches can be re-set by reduction to deactivate this stress response.
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Redox-initiated actuation of biology and two-hop communication. (a) Initial test with a

synbio redox “transceiver” engineered to receive redox-inputs through the soxRS regulon

and re-wired to respond by upregulating expression of a gene coding for a fluorescent

protein. (b) Voltage-dependent response of this synbio transceiver. (¢) Schematic of two-hop

molecular communication involving transceiver (or relay) cells that receive a redox input

and transmit a quorum sensing (QS) signaling molecule, and a “receiver” cell that receives

the QS molecular input and generates a fluorescence output response. (d) Output

fluorescence vs input electrical charge for this two-hop communication. Reproduced with

permission from [180].
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TABLE 1

REDOX AS A MOLECULAR COMMUNICATION MODALITY.

Features of Redox Modality
* Electrical: electron “flow” through reduction-oxidation (redox) reactions
* Molecular: electrons “carried” by molecular species
* Short range: requires molecular diffusion or mixing

Biological Relevance of Redox Modality
* Energy harvesting, biosynthesis, immune defense
« Inflammation, oxidative stress
» Signaling (redox signaling)

Measurement of Redox by Electrodes
* Simple, rapid, sensitive and convenient
* Data available in real-time electronic format for analysis and transmission
* Global (not molecularly-specific)
* “Invasive”: requires direct electron transfer (i.e., direct contact)

Current ‘State-of-the-Art”
* Experimental demonstrations: acquire information and actuate responses
» Communication theoretical analysis: minimal
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