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Abstract

The Information Age transformed our lives but it has had surprisingly little impact on the way
chemical information (e.g., from our biological world) is acquired, analyzed and communicated.
Sensor systems are poised to change this situation by providing rapid access to chemical
information. This access will be enabled by technological advances from various fields: biology
enables the synthesis, design and discovery of molecular recognition elements as well as the
generation of cell-based signal processors; physics and chemistry are providing nano-components
that facilitate the transmission and transduction of signals rich with chemical information;
microfabrication is yielding sensors capable of receiving these signals through various modalities;
and signal processing analysis enhances the extraction of chemical information. The authors
contend that integral to the development of functional sensor systems will be materials that (i)
enable the integrative and hierarchical assembly of various sensing components (for chemical
recognition and signal transduction) and (ii) facilitate meaningful communication across
modalities. It is suggested that stimuli-responsive self-assembling biopolymers can perform such
integrative functions, and redox provides modality-spanning communication capabilities. Recent
progress toward the development of electrochemical sensors to manage schizophrenia is used to
illustrate the opportunities and challenges for enlisting sensors for chemical information
processing.

1. The Importance of Chemical Information

Microelectronics transformed the way we interface with our world: the world’s knowledge is
at our fingertips, long distances no longer prevent conversations with loved-ones, and our
vehicles are flying/driving themselves. The information age however has had a
comparatively limited impact on the way we acquire and understand chemical information
that underpins our natural world. And this limitation is important when we recognize that
biology routinely uses chemicals (and not electromagnetic modalities) to perform its various
functions. This is illustrated by considering the circulation system which provides a conduit
for the trafficking of the body’s function-performing chemicals. For instance, blood is the
medium for distributing the body’s chemical energy resources (glucose and O5) as well as
the medium for sorting wastes for disposal through the lungs, kidneys and liver. In addition,
blood vessels are also the transmission lines that carry instruction-containing chemicals
(hormones) that coordinate activities to maintain homeostasis. Further, blood is the medium
for the immune system to dispatch its emergency response molecules (antibodies) and cells
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(e.g., monocytes and T-cells). Thus blood is a rich source of chemical information, and as a
result blood tests are routinely used to assess a person’s health status.

More broadly, information of chemical compositions, concentrations and activities is
essential to many fields of study whether it is to: assess environmental sites, control food
quality, detect threats to public health, or manage human diseases. Because of the
importance of chemical information, analytical chemistry has become an integral part of
many scientific disciplines and commercial enterprises, and a wide variety of analytical
chemistry methods have been developed. For a variety of reasons, sensor-based approaches
have been developed to displace conventional chemical analysis with two approaches being
most common. Figure 1a illustrates a semipermeable membrane that separates away
unwanted chemical information to detect a desired signal: the classic example of this
approach is the pH electrode. Figure 1b shows a sensor coated with a molecular recognition
element that assays for a specific “target”: this approach is common to biosensors. While the
sensor approaches in Figure 1 represent the vanguard, we contend that sensors of the future
will be much more diverse in their approaches to access and process chemical information.

2. Sensors to Acquire Chemical Information

The motivation for developing sensor-based analytical methods can result from a
combination of driving forces. Probably the most obvious driving force for the emergence of
sensor systems is a market need (i.e., a demand). End-users like sensor systems because they
can allow chemical analysis to be performed simply, rapidly and sometimes with low cost
and in portable devices. In these cases, a non-chemist can make a relatively complex
measurement easily with limited instrumentation needs. Examples include the use of
dissolved oxygen probes for biotechnology process-monitoring, or the in-home use of
glucometers to enable diabetics to measure their blood glucose.

Alternative drivers of sensor systems are advances in the enabling technologies that make
possible what was previously impassible. Importantly, these enabling technological
advances for sensor systems have come from many disparate fields as illustrated in Figure
lc.

2.1. Enabling Technological Advances

2.1.1. Biology—The advances in modern biology allow: the production of biology’s
molecular recognition elements (e.g., enzymes, antibodies and nucleic acids); the design/
discovery of entirely new recognition elements (e.g., aptamers and binding peptides); and
the application of synthetic biology to access biology’s information processing
capabilities.[14]

2.1.2. Nanotechnology—Remarkable developments in physics and chemistry provide
novel opportunities to collect and convert chemical information into signals that can be
detected through convenient modalities: optical (e.g., from quantum dots), electrical (e.g.,
from carbon nanotubes) or magnetic (e.g., from iron oxide nanoparticles).[>-7]
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2.1.3. Fabrication—Muicrofabrication allows electronics to be integrated into increasingly
complex systems that include smart fabrics, artificial skin, capsular endoscopes and lab-on-
a-chip devices.[8:]

2.1.4. Information Processing—In addition to “hardware” advances, there have also
been advances in signal processing through complex algorithms to maximize information
extraction (e.g., broad band impedance spectroscopy).[10-13]

2.2. Critical Need

We anticipate that advances from many individual fields will contribute to ever expanding
capabilities for acquiring chemical information. We contend that a critical need is the
development of robust and generic methods that enable the effective integration of these
disparate technological advances into sensor systems. The purpose of this progress report is
to illustrate how stimuli-responsive hydrogel-forming biopolymers enable such technology
integration. As an illustrative example, we consider recent efforts to develop sensor systems
to access relevant chemical information needed to understand and manage mental health
disorders. To provide a framework, we first consider common strategies (paradigms) for
acquiring chemical information using sensors.

3. Paradigms for Accessing Chemical Information

3.1. Detecting Specific Chemical Information: The One-Sensor One-Analyte Paradigm

A vast diversity of sensor systems have been investigated to access chemical information.
For simplicity, we group these approaches into the three broad paradigms illustrated in
Figure 2. Figure 2a illustrates the classic paradigm used for biosensing. In this paradigm, a
molecular recognition element (traditionally an antibody or enzyme) is used to selectively
bind/react with the analyte of interest and some mechanism is used to transduce this
molecular recognition event into a convenient, device-compatible modality (typically
electrical or optical). In the ideal, this biosensor can detect the analyte of interest with high
selectivity and appropriate sensitivity, and thus this single sensor can detect all the necessary
chemical information (i.e. the analyte’s concentration) that is required for the application.

The historical example of this one-sensor one-analyte paradigm is the glucose biosensor
where a glucose-specific redox enzyme (e.g., glucose oxidase) recognizes and reacts with
glucose (Reaction (1)) and this reaction can be readily detected. For instance, the 15t
generation glucose sensors detected the formation of the H,O, product electrochemically as
illustrated by Reaction (2). The technical advances that enabled sensor-based glucose
detection coincided with an emerging demand for simple, rapid and reliable methods to
measure glucose for managing diabetes. The remarkable technical and market successes of
the glucose biosensor have served as a landmark for personalized medicine and also
established a one-sensor one-analyte paradigm for sensing.

Glucose+09 — Gluconic acid+H04 (1)
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HyOy — 02+2H++2€7 (2)

Despite the success of the glucose biosensor, it has been difficult to extend this one-sensor
one-analyte paradigm for the generic management of other diseases. We contend that
diabetes may be a unique example in which the analytical challenge is well-posed.
Specifically, management of diabetes requires information of a single analyte and this
glucose concentration measurement is sufficient to provide the necessary information to
determine the patient’s status and indicate the required therapeutic intervention (e.g., insulin
injection). While there have been extensive efforts to define single “biomarkers” that
characterize various diseases, these efforts have not been entirely successful. Thus, despite
the success of the glucose sensor, the one-sensor one-analyte paradigm may not be an
entirely generic paradigm because the analytical questions for other diseases may not be as
well-posed as for the case of diabetes management.

When information of one analyte is insufficient, the one-sensor one-analyte paradigm can be
extended to multiplexed analysis such that multiple sensors are enlisted to simultaneously
detect multiple analytes. Probably the most successful example of multiplexed analysis is
the DNA microarray that allows an extensive sampling of genetic information. Because the
sampling is so extensive, analytical questions don’t need to be well-posed, rather the DNA
microarray can be used to discover correlations (e.g., links between gene mutations and
disease). The fabrication of multiplexed sensor arrays for acquiring genomic information is
facilitated by the comparative simplicity of nucleic acids: nucleic acids tend to be relatively
stable; generic coupling chemistries can be used to assemble nucleic acid probes at
individual sensor addresses; and molecular recognition through nucleic acid hybridization
follows well-known rules. Multiplexed sensor arrays to collect proteomic or metabolomic
information are more challenging.

In summary, the one-sensor one-analyte paradigm appears to have become the primary
paradigm that guides the development of sensors to access chemical information.
Presumably, the prevalence of this paradigm is because of the belief that chemical
composition and the concentration of individual chemical components are the key measures
of chemical information. While the one-sensor one-analyte paradigm is important, it is not
the only paradigm available and we contend that these alternative paradigms have much to
contribute to accessing and analyzing chemical information.

3.2. Global vs Specific Chemical Information

Molecular level specificity is a hallmark of biological chemical information processing —
enzymes, antibodies and receptors all recognize specific chemical entities. Thus, the idea
that biology would use a non-specific modality to perform critical functions seems counter-
intuitive. However, the neural and neuromuscular systems use ionic currents to convey
information and to initiate actions, and the identity of the specific ions seems less important
than the global electrical activity. Even purposeful interventions (e.g. defibrillation) can use
non-specific electrical inputs. While ionic electrical activities are integral to neural and
neuromuscular systems, these activities may not be as relevant to other systems (e.g.,
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immune system). Thus, a key question is: does biology use other global signaling modalities
that could be accessed by sensors to acquire relevant chemical information from biology?

Emerging research suggests that redox may provide an additional global modality for
biological signaling. Biology uses several small molecule redox couples to shuttle electrons
in various biological processes: NAD(P)H carries reducing equivalents for energy harvesting
(e.g., respiration) and biosynthesis; H»O> is generated during an immune response to
pathogen invasion (e.g., oxidative burst) and glutathione (GSH) serves as a protective
antioxidant. Importantly, these redox couples are not in equilibrium with each other(4:15]
and thus can perform independent functions. More recently, it is recognized that redox
reactions, often involving reactive oxygen species (ROS), are integral to biological
communication. Unlike typical biological signal transduction pathways that employ
receptors and ligands to confer molecular selectivity, the targets of ROS signaling are
believed to be atomic — the sulfur atom of cysteine and methionine residues.[16:17] Because
these sulfur switches can control protein function (e.g., by the interconversion of free thiol
residues to disulfide crosslinks) emerging research suggests redox is an independent and
somewhat global cell-signaling modality.[*8] The link between ROS and redox signaling has
further suggested a need to re-consider oxidative stress in terms of redox dysfunction and
not simply in terms of reactive species (i.e., free radicals)[1%20] and possibly such redox
dysfunctions may provide clues (potentially measurable clues) of the environmental
exposures that contribute to diseases(21:221 (e.g., mental health diseases).[23]

With the increasing understanding that redox plays an integral role in biological
communication, we anticipate that electrochemistry will emerge as an increasingly
important tool that is well suited to study questions in redox biology.[24-29] Electrochemical
sensing systems are well known for their sensitivity, spatial-temporal precision, low cost and
potential for portability. As will be discussed electrochemistry also provides data in an
electronic format that can be readily analyzed through complex chemometric or signal
processing methodologies. Thus, electrochemistry may provide access to global systems-
level chemical information of importance to redox biology.

3.3. Detect Global Chemical Activity: The Single Metric Paradigm

The idea that redox may be a global biological modality suggests that a sensor which yields
a single integrated measurement of redox activity may provide valuable biological
information (Figure 2b). The classic example of this approach comes from food science
where standardized antioxidant capacity assays have been developed to provide a single
numerical value that characterizes a sample’s ability to donate electrons[30:31 (analogous to
a single pH measurement that characterize a sample’s acidity). Typically, these antioxidant
capacity assays are colorimetric although electrochemical methods have been
explored.[3233] Recently, medical researchers have begun adapting these methods in the
hope that such a global measurement from a blood sample could provide information on
oxidative stress that is believed to contribute to a range of human diseases.[34-36]
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3.4. Detect Global Chemical Information: Pattern Recognition Paradigm

An alternative analytical paradigm is illustrated by the electronic nose or electronic tongue
in Figure 2c which uses an array of electrochemical sensors to access chemical information
more broadly (less specifically). In particular, each sensor reacts with multiple chemical
species in a sample but the reactivities of the individual sensors are all somewhat different. If
the sensor array offers sufficient sensitivity and the sensor selectivities overlap appropriately,
then signature patterns can be recognized. Typically, this approach relies less on the design
of the sensors and more on analyzing the responses through pattern recognition
methodologies.[37:38]

In principle, this pattern recognition paradigm offers two important capabilities. First, sensor
arrays can be applied to ill-posed questions and thus can serve as a tool to discover
previously unknown patterns. For instance, sensor arrays are being investigated to detect
signature patterns from a “breath print” that can be correlated to pathologies that range from
lung cancer to Alzheimer’s disease.[39-44] The discovery of such patterns could potentially
assist medical researchers by providing new information that could drive transformational
advances in understanding and managing diseases. Second, sensor arrays can more broadly
sample chemical information and thus may provide robust global signatures (e.qg.,
biomarkers) for complex analysis. In such cases, it may be possible to develop portable
devices to provide rapid information at the pharmacy, physician’s office or bedside.

4. Managing Mental Health Disorders: The Schizophrenia Example

Sensors are poised to make transformational contributions to medicine by providing rapid,
reliable and real-time information that characterize diseases both to accelerate our
understanding of underlying pathologies and to enhance our abilities to personalize
treatment. Our focus here is on sensors that acquire chemical information. We use the
example of schizophrenia to illustrate how clinical needs are converging with technological
advances to drive the development of sensor systems for managing schizophrenia. We also
use this example to illustrate the technical challenges which will further drive a fusion of the
sensing paradigms to maximize the extraction of chemical information. We should note that
one system will not likely meet all needs, but rather different systems may be required to
meet the divergent needs and constraints of specific circumstances. For instance: an in-
patient clinic may have access to centralized laboratory facilities and a dedicated staff, and
thus the speed-of-analysis may be less important; first-responders may need simple systems
that can transmit initial diagnostic information to clinicians at a receiving hospital; and care-
givers in a home (e.g., a parent) may need dedicated, inexpensive and portable systems that
reliably access a subset of chemical information to adjust dosages.

4.1. Schizophrenia

Schizophrenia is a devastating chronic mental health disorder that requires lifelong
treatment.[43] The onset of symptoms typically occurs when a person is in their late teens
and early 20s. While the causes of schizophrenia are unclear, there appears to be a
combination of genetic and environmental factors that contribute to the disease. Diagnosis of
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psychiatric disorders is based primarily on interviews and behavioral (and not biochemical)
evaluations.

Management of schizophrenia is challenging given the poorly-understood nature of the
disease and the absence of readily detectable measures that provide objective real-time
information to assess a patient’s status, guide treatment decisions, or evaluate their response
to therapeutic interventions. Potentially, advances in sensor technology can contribute to
providing such real-time objective measures[#6-491 of functional biomarkers.[5%1 For
instance, a common symptom of schizophrenia is disorganized or abnormal motor
behavior®152] which could be detected or even continuously monitored by wearable sensor
systems.[>3] Additionally, sensors that analyze a patient’s voice may be able to detect the
monotone speech patterns that are sometimes associated with schizophrenia.[>4! Our long
term goal is to employ sensor technology to access chemical information both to assist in
managing mental health disorders and to assist in clarifying the chemical basis of these
diseases.

An important medication for managing schizophrenia is the antipsychotic clozapine.
Clozapine was developed in the 1970s and is one of the most clinically effective
antipsychotics availablel>®] and is the gold standard antipsychotic for treatment of refractory
schizophrenia, violent behavior, or those at high risk of suicide.[5¢! However, clozapine has
some significant side effect risks that make it one of the most challenging antipsychotics to
prescribe.[8] Because of its problems, clozapine was once pulled from the market but its
therapeutic benefits led to its subsequent re-introduction.[>®] There is a growing belief that
people with schizophrenia and the mental health system would benefit if this medication was
more broadly and effectively utilized, yet clinicians face many challenges in prescribing
clozapine.[57-611 A major challenge illustrated in Figure 3a is inter-individual variation: it
may be impossible to control serum clozapine levels within its narrow therapeutic range by
simply controlling the dose.[62-64] Portable devices that measure clozapine could provide the
feedback necessary to enable caregivers to adjust dose just as diabetics adjust their insulin
dose in response to measured blood glucose.[63.65-691 Thys, the one-sensor one-analyte
paradigm that has been so successful for managing diabetes would seem ideally suited for
managing medication treatment for people with schizophrenia.

However, the analogy between clozapine monitoring and glucose monitoring breaks down
for two broad reasons. First is the challenge of analysis. Clozapine’s therapeutically relevant
concentration is small: three-orders-of magnitude less than that for glucose as illustrated in
Figure 3b. Thus, any clozapine sensor will need high sensitivities. In addition, clozapine’s
low signal exists in a very noisy background. The signal-to-noise problem is less significant
for glucose analysis, both because glucose’s signal is high and because enzymes are
available to selectively recognize the glucose signal. Analogous enzymes for clozapine
detection are not available: while cytochrome P450 enzymes that react with clozapine are
known,[70] they have broad substrate ranges and will not likely provide the necessary
selectivity. Potentially, this technical challenge is surmountable and an appropriate
molecular recognition element (e.g., an antibody, peptide or aptamer) could be developed for
monitoring serum clozapine levels through a one-sensor one-analyte approach.
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A second challenge to controlling serum clozapine levels (vs glucose) is the uncertainties in
its metabolism. Specifically, precisely controlling serum levels within such a narrow
therapeutic window may require both information of the current serum level and how rapidly
this medication is being metabolized. Knowledge of metabolism is important because one
metabolite (A-desmethylclozapine) is believed to have biological activity[>®] and because
clozapine’s metabolism can vary dramatically.[’X] For instance, other commonly-prescribed
medications (e.g., the antidepressant fluvoxaminel7273] and the antibiotic ciprofloxacin[74])
can inhibit clozapine’s metabolism. Also, the patient’s health can affect clozapine’s
metabolism (e.g., inflammation suppresses metabolisml[71l). Further a patient’s lifestyle can
alter metabolism as cigarette smoking induces metabolisml7>~77] and coffee drinking may
inhibit metabolism.[62.78] Potentially, serum contains information on these factors and
accessing this information could better guide decisions of clozapine dosing, however
accessing this information from a serum sample will require more than a single sensor
measurement. Thus, sensor arrays and a pattern recognition paradigm may be most
appropriate for acquiring and analyzing the ill-defined chemical information needed to
adjust dosages.

Over the longer term, sensor systems that broadly access global chemical information may
serve as a tool not just to personalize treatment but also to provide new information to assist
in understanding schizophrenia. Growing evidence indicates that inflammation,[79-81]
oxidative stress!82-86] and redox dysregulation[83.87.88] play an integral role in this
devastating disease, and oxidative stress has been suggested as a potential biomarker in the
pathophysiology and clinical course of schizophrenia.[84] However, the exact molecular
mechanisms of oxidative stress have yet to be determined,[8¢] while the “nonspecific nature
of oxidative stress” and the “shortage of techniques for monitoring oxidative stress” deter
research.[82] In particular, what should be measured[89-92] and where (the brain, peripheral
tissue or blood)?[93] Possibly measurements of individual chemical components (one sensor
one-analyte paradigm) could be useful as reports indicate that schizophrenia patients often
have lowered serum levels of specific antioxidants (e.g., GSHI9495] and uric acid[®€l). There
have also been efforts to develop a single global measure (single metric paradigm) of
oxidative stress such as total antioxidant status (TAS),[35:9] total oxidative stress (TOS) or
oxidative stress index (OSI).[341 And recent efforts suggest an array-based approach (pattern
recognition paradigm) to access the broad range of information of antioxidants and
therapeutics.[97]

While the detailed needs and opportunities for schizophrenia may be unique, we believe the
broader point is general. Our ability to understand, detect, and manage diseases is limited by
our ability to access and interpret the chemical information that underpins the disease’s
etiology, symptoms and progression. Thus sensors could fulfill a critical need by opening
access to the needed chemical information.

5. Fusing Sensor Paradigms: Opinions, Vision and Needs

One underlying contention of this progress report is that the rate of scientific and
technological progress in many cases is limited by the speed with which we can acquire and
understand chemical information. The remarkable advances that drove the Information Age
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have had surprisingly little impact on our ability to access chemical information. This point
is illustrated by considering that the initial developments of the glucose sensor (a landmark
in chemical information processing) and the personal computer (a landmark in information
processing) occurred at about the same time (1960s) but the subsequent trajectories diverged
markedly. More powerful systems for information processing became smaller, cheaper and
generic (e.g., cell phones), while more powerful systems for chemical information
processing became larger, more expensive and specialized (e.g., microarrays). We believe
sensors provide the opportunity to apply some of the capabilities of information technology
for enhanced access to chemical information.

A second underlying contention is that the one-sensor one-analyte paradigm greatly
constrains the potential of sensors to acquire chemical information. This paradigm relegates
sensors to a supporting role: this paradigm requires that previous studies have already
defined the analyte(s) of importance and the sensor’s role is “simply” to achieve the
necessary sensitivity and selectivity. We believe that sensors could be used as a tool for
discovery and as a means to cull through the vast amount of chemical information to assist
in determining what information is important and how it should be measured. For
comparison, imaging (magnetic resonance imaging, MR1)[?8] and electrophysiological
measurements!99.100] are reasonably well accepted approaches for discovering the structural
and electrical activity changes associated with schizophrenia. Potentially, sensors could be
used to discover the chemical changes associated with schizophrenia.

A third underlying contention is that sensor systems that provide access to chemical
information will serve diverse functions. Sometimes the typical metrics from analytical
chemistry (sensitivity and selectivity) will be appropriate, but sometimes the typical metrics
from information theory (content and uncertainty) will be appropriate. Sometimes the
chemical information needed will be well-defined (medical knowledge may have identified
key biomarkers), but sometimes a less-defined sampling of the chemical information will
identify signature patterns that will assist in discovering new knowledge. Sometimes the
sensor’s capabilities for sensitivity, speed and portability will be important, but sometimes
the ability of sensors to acquire data in an electronic format for subsequent processing of the
information will be important. We believe that enlisting sensors for chemical information
processing will require considerable intellectual creativity to match technological
capabilities to application-specific needs.

We envision that various applications would benefit from sensor systems that employed a
small set of “semi-smart” sensors. Figure 4 illustrates our vision for fusing the strengths of
these electrochemical sensing paradigms: we envision using an electrode array in which the
individual electrodes are coated with self-assembling hydrogel films. These individually
functionalized, semi-selective films allow a partial filtering of a sample’s (bio)chemical
information. For this sensor array to broadly access chemical information, we suggest
several requirements must be satisfied:

. individual sensors must have appropriate sensitivities to access information at the
relevant concentrations;
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. individual sensors must be semi-selective to differentially filter the sample’s
information and the selectivities should be overlapping to provide redundancy
and robustness;

. some of the individual sensors should interact with the sample to reveal
information known to be relevant (e.g., information of important chemical
components or biological mechanisms);

. some of the sensors should interact with samples in ways that are not entirely
defined to permit the discovery of new information.

Further, the number of sensors in the array must balance the need for simplicity (favoring a
small number of sensors) and the desire for diversity to broadly access the sample’s
information content (favoring a large number of sensors).

As suggested in Figure 4, the success of this vision hinges on the ability to create the sensor
coatings that can offer the functionalities to both interact with the chemical information in a
sample and to communicate this information to the underlying sensor. These sensor coatings
must be easy to assemble and enable meaningful signal transmission/transduction. Materials
will be integral to achieving these dual goals (i) to hierarchically assemble the various
sensing components into the sensor coatings and (ii) to establish meaningful communication
that connects chemical and sensor modalities. The remainder of this progress report will
focus on these materials requirements.

6. Self-assembling Biopolymer Hydrogels as Integrative Materials

6.1. Biofabrication to Assemble and Functionalize Sensor Coatings

Figure 4a suggests the need for simple, rapid and generic methods to assemble functional
sensor coatings. Many approaches to create such functional coating are based on advances in
chemistry (e.g., electropolymerization of conducting polymers or click chemistry) or
microfabrication (e.g., photolithography or 3D printing). In addition to enlisting advances
from physics and chemistry, it is also desirable to enlist the remarkable advances in biology
for fabricating functional films.[101.102] Specifically, biology is expert at: fabricating
materials at the nano-scale (e.g., proteins); self-assembling nano-components into complex
hierarchical structures (e.g., tissue); and accessing, analyzing and responding to chemical
information (e.g., through intracellular signal transduction pathways). Thus, biology has
much to offer for the construction of functional sensor coatings and our aim is to enlist these
biological fabrication capabilities. Specifically, we focus on stimuli-responsive self-
assembling biopolymeric hydrogels as base matrix materials for sensor coating because they
offer diverse and important capabilities for the fabrication of functional films. Figure 5
provides an overview of these capabilities).

6.1.1. Electrodeposition for Bottom-up Self-assembly—In early 2000, several
groups discovered that the stimuli-responsive self-assembling aminopolysaccharide chitosan
could be electrodeposited in response to devise-imposed electrical signals.[103-106]
Subsequent work discovered mechanisms to electrodeposit alginate,[107-109] and then
mechanisms to electrodeposit other self-assembling biopolymers. Details of the
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electrodeposition mechanism are provided below and a broader discussion of
electrodeposition can be found elsewhere.[110] We should note that biopolymer
electrodeposition was preceded by earlier studies on redox hydrogels.[111-115]
Electrodeposition is important because it allows the programmable electroaddressing of
sensor coatings: film coatings can be deposited at electrode surfaces on-demand with spatial
selectivity.[126] Further, electrodeposition uses electrical stimuli to trigger self-assembly and
thus allows the coating of complex surfaces without the need for line-of-sight (required for
photolithographic methods) or direct contact (required for printing methods). Figure 5a
shows the electrodeposition allows the conformal coating of diverse surface with hydrogel
films (patterned electrodes, wires or meshes). Electrodeposition enlists the smart properties
of the biological polymers to trigger self-assembly of the sensor coating and in most cases
electrodeposition is simple, rapid and reagentless.

6.1.2. Reversible Coating for Post-fabrication (Bio)functionalization and
Device Re-use—Many biopolymer electrodeposition mechanisms rely on reversible
stimuli-responsive self-assembly mechanisms and thus these electrodeposited films can be
readily removed. Even for biopolymeric hydrogel films that are electrodeposited through
covalent crosslinks, the films can be removed using treatments (thermal or acid/base
treatments) that do not damage the underlying sensors (e.g., conventional electrode cleaning
methods can remove a biopolymeric sensor coating). The ability to reversibly assemble and
disassemble the sensor coatings allows the fabrication of the electronic device (with the
embedded sensor systems) to be separated from the sensor coating steps that confer
(bio)function as illustrated in Figure 5b.

The capability for post-fabrication (bio)functionalization has two important features.[117]
First, it allows reusability of the electronic device (vs single use). By eliminating the severe
cost constraints of single-use systems, it is possible to employ complex, generic and reusable
electronic systems that can fully access the power of electronics for data collection, analysis,
and wireless transmission. Second, post-fabrication biofunctionalization accommodates the
inherent differences in lifetimes between electronic systems (operational lives of years) and
the biological components that are typically used to confer function to the sensor coatings
(operational lives of hours-days). We envision the electronic systems could be fabricated in
the most sophisticated fabrication laboratories (fab-labs) and only near the place/time of use
these devices could be functionalized by assembling the sensor coatings. For instance,
functionalization could be performed each day in a centralized hospital laboratory, or on-
demand before deploying personnel to perform testing in remote or resource-poor locations.

6.1.3. Facile Functionalization—Electrodeposition of stimuli-responsive hydrogels
involves a sol-gel transition such that an imposed electrical signal induces a spatially
localized gelation at the electrode surface (see below for details of mechanisms). There are
many examples in which components have been suspended in the deposition solution and
then co-deposited in the hydrogel film.[118] Examples include hard nanoparticles such as
carbon nanotubes and quantum dots, and softer structures such as vesicles and cells. (Co-
deposition studies to create composite films such as implantable materials110:119.120] gre
beyond the scope of this progress report.) Co-deposition could also include other polymers
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to confer other network functions (e.g., dual-responsiveness). In addition to co-deposition,
coatings could be functionalized after deposition using standard chemical conjugation (e.g.,
carbodiimide and click chemistries) or microfabrication (e.g., photolithographic) methods.
For instance, Figure 5c shows a chip with a DNA probe covalently tethered to an
electrodeposited chitosan film. This probe can hybridize (H) to its fluorescently-labeled
complementary target and after hybridization the duplex could be denatured (D) by
treatment with 4 M urea at 65 °C for 30 min. This sequence of hybridization and
denaturation could be repeated multiple times.[121]

6.1.4. Enzymatic Functionalization/Dis-assembly—Biopolymers can be acted upon
by enzymes which provide unique opportunities to enlist these biological catalysts. There
are many examples of biopolymer-degrading enzymes which typically de-polymerize the
biopolymers through hydrolytic mechanisms (e.g., proteases, nucleases and cellulases). Such
enzymes could be used to selectively dis-assemble a sensor coating or to selectively release
components from a coating.[122]

It would be desirable if enzymes could also be used to graft functionality to sensor coating,
but fewer enzymes are known that can build macromolecular structure (i.e. to increase
molecular weight).[123] Obviously, cells routinely synthesize biopolymers and perform such
biopolymer grafting reactions, but these intracellular biopolymer synthesis mechanisms
typically employ complex cofactors (e.g., ATP and NADH) that are less convenient for in
situ fabrication. However, biology does use a handful of cofactor-independent enzymes to
build macromolecular structures outside the cell — to coagulate blood or harden cuticles.
These enzymes could be enlisted to functionalize sensor coatings. Figure 5d shows the use
of a microbial transglutaminase (MTG) enzyme to simultaneously crosslink an
electrodeposited gelatin film and to graft proteins to this film: the entrapped cells confer
cellular function while the grafted proteins confer molecular functions to this gelatin
coating.[124]

6.1.5. Compatibility—The electrodeposition of self-assembling biopolymers occurs from
aqueous solution and various methods to functionalize these films (e.g., by co-deposition or
enzymatic reactions) also are performed in water. Aqueous-based processing is compatible
with the labile biological components (e.g., antibodies and cells) that would typically be
used to confer bio-function to sensor coatings. Further, the hydrogel nature of these coatings
is also important to retain “viability” of the embedded biocomponents. For instance, Figure
5e shows an assembled “biofilm” with a stratified population of bacteria that was assembled
by sequential co-deposition of CaZ*-alginate hydrogel layers.[125] This example illustrates
the broad potential of hydrogel electrodeposition: it allows the assembly of cells within
biocompatible matrices for biosensing applications and for in vitro study (e.g., for animal-
on-a-chip applications). In the longer term, sensors with biofunctionalized hydrogel coating
may be able to report chemical information in in vivo applications with implanted or
ingested systems (e.g., integrated into a capsular endoscope).
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6.2. Biopolymeric Materials and Mechanisms for Electrodeposition

As illustrated in Figure 6, several stimuli-responsive biopolymers have been
electrodeposited. To date a handful of electro-deposition mechanisms have been identified.

6.2.1. Chitosan—To our knowledge the first biopolymer to be electrodeposited was the
aminopolysaccharide chitosan. Chitosan is a weak base that is water-soluble at low pH and
undergoes a sol-gel transition as the pH is increased above its pKj; (#6.3). As illustrated in
Figure 6a, chitosan’s cathodic electrodeposition occurs because electrode reactions consume
protons to generate a localized region of high pH[12¢] that triggers chitosan’s deprotonation
and gel formation. This deposition mechanism is reversible such that the electrodeposited
film can be re-dissolved in weak acid. Cathodic chitosan electrodeposition is the best-
studied biopolymer deposition system and it has been used to entrap various
nanocomponents, and graft a range of function-conferring biomacromolecules (e.g., nucleic
acids and proteins). Progress with this system has been extensively reviewed
elsewhere,[127.128]

In addition to the cathodic neutralization mechanism, a separate anodic electrodeposition
mechanism was discovered.[12%] As illustrated in Figure 6b, anodic deposition requires salt
(NaCl), and the mechanism has been hypothesized to involve several chemical reactions:
anodic oxidation of CI™ to generates Cl,, hydrolysis of Cl, to yield the HOCI oxidant, partial
oxidation of chitosan to generate aldehyde moieties, and Schiff base formation between the
generated aldehydes and primary amines of chitosan. There are two important points of
anodically-deposited chitosan. First, the Schiff bases serve as covalent crosslinks and thus
this anodic deposition mechanism is not readily reversible; the anodically deposited chitosan
films do not readily dissolve upon immersion in weak acid. However, Schiff base linkages
are slowly reversible in that these linkages can be hydrolyzed back to aldehydes and amines,
and thus the anodically deposited films have been observed to re-dissolve under acidic
conditions over long times. Second, aldehydes can form Schiff bases with various primary
amines including the primary amines of proteins.[230] Thus, anodic deposition can be used
as a single step method to both electrodeposit a crosslinked chitosan film and to
simultaneously conjugate proteins to this film.[129]

6.2.2. Alginate—To our knowledge, the second biopolymer to be electrodeposited was the
weakly acidic polysaccharide alginate.[10%] Three mechanisms have been reported for
alginate’s electrodeposition. First, is an anodic neutralization mechanism of Figure 6c that
involves the electrochemical generation of a low pH, and the localized protonation of
alginate that neutralizes this poly-saccharide and induces its gelation as alginic acid (pK;
~3.5). This mechanism has been reported for the co-deposition of a biosensing enzyme,[131]
however the majority of interest in the anodic electrodeposition of alginic acid appears to be
to create composite coatings for non-sensor applications.[132.133]

A second mechanism is the anodic deposition of Ca2*-alginate which is illustrated in Figure
6d.[108] This mechanism employs anodic reactions to solubilize CaCO3 and generate the
soluble Ca2* ions that trigger the Ca2*-responsive alginate to undergo gelation through
reversible electrostatic crosslinking. Importantly, CaCOzs is a buffer and thus this mechanism
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does not require significant pH excursions and can be used to co-deposit prokaryotic and
eukaryotic cells.[134-137] For instance, the spatially segregated bacterial populations of
Figure 5e were generated by the sequential co-deposition of 3 separate Escherichia coli
strains.[12%] As suggested, the Ca2*-alginate electrodeposition mechanism is useful for
conferring cellular function to sensor coating (note: Ca2*-alginate hydrogels are routinely
used as a matrix for entrapping microbes and a scaffold for tissue engineering). Cell-based
sensing systems are poised to have a significant impact with the development synthetic
biology systems capable of detecting chemical signals and converting this recognition
through intracellular signal transduction mechanisms to generate outputs that are amplified
and/or transduced into device-compatible modalities (e.g., optical and electrical).[1:24]

The third alginate electrodeposition mechanism is illustrated in Figure 6e, which shows
alginate electrostatically crosslinked by Fe3* ions. The Fe3* ions are generated
electrochemically by Fe2* oxidation. This electrochemical reaction is reversible and
electrochemical reduction of Fe3* (back to Fe2*) can trigger dissolution of this alginate
gel.[138] Thus, this electrochemical deposition-dissolution mechanism can be used to
assemble components into an alginate hydrogel (i.e., to load and store “cargo” in the gel)
and to subsequently release these components in response to user-imposed electrical
signals.[1391 Interestingly, the reducing stimulus that triggers Fe3* reduction, dissolution of
the Fe3*-alginate matrix, and cargo release does not need to be supplied externally but can
be supplied by biological reducing reactions (e.g., enzyme-catalyzed NADH oxidation can
supply the reducing equivalents). This redox-responsive dissolution mechanism can thus
serve to create logic gates to process chemical and biochemical information.[107.140-142]

6.2.3. Gelatin—Recently, an anodic mechanism was reported for the electro-deposition of
the protein gelatin.[*22] This mechanism requires NaCl and appears to be similar to the
mechanism for the anodic deposition of chitosan in Figure 6b. In particular, gelatin’s
electrodeposition appears to yield a covalently crosslinked network and this gel-forming
process can simultaneously conjugate other proteins to the matrix consistent with a partial
oxidation to generate aldehydes and a subsequent Schiff base forming reaction. Interestingly,
these electrodeposited gelatin films also retain some thermal responsiveness that allow the
creation of a thermally-responsive switch of enzymatic activity.[122] Further,
electrodeposited gelatin films can be enzymatically degraded to release grafted components.

6.2.4. Proteins—The anodic deposition of gelatin described above uses salt to generate
diffusible oxidants that partially oxidize the protein and induce the formation of covalent
crosslinks. We anticipate that it may be possible to extend this anodic oxidation mechanism
for the electrodeposition of other proteins, however this mechanism is not reversible. The
reversible electrodeposition mechanisms that do not chemically alter the biopolymer’s
structure all involve biopolymers with polyelectrolyte properties. Chitosan and alginate are
weak polyelectrolytes that can be electrodeposited through the pH-responsive neutralization
mechanisms of Figures 6a and 6¢. Alginate is ionic-responsive (e.g., to Ca2* and Fe3*) and
can be electrodeposited to form the electrostatically crosslinked networks of Figure 6d and
6e. It would be desirable if reversible mechanisms were available to deposit proteins.
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It is well known that proteins respond to electric fields and pH gradients and a neutralization
mechanism allows their isoelectric focusing. However, a protein’s neutralization will be
more complex than the neutralization mechanisms used to electrodeposit chitosan and
alginate. Specifically, proteins are polyampholytes and are only neutral at their isoelectric
point (no net charge). Thus a protein only has a neutral charge at an intermediate pH, as pH
is increased or decreased away from the isoelectric point the protein becomes more
negatively or more positively charged. In contrast, alginate has only anionic groups and
becomes neutral as the pH is lowered below its pKj, and chitosan has only cationic groups
and becomes neutral as the pH is raised above its pKj. Thus an effort to electrode-posit a
protein may not lead to the formation of a film at an electrode surface, but rather the
formation of a band “focused” some distance from the electrode. This appears to be the case
for collagen.[143.144] Specifically, several reports show that electrochemical methods can
generate collagen films and, these films form some distance from the electrode. Importantly,
the electric field is believed to align the collagen[4°] and induce it’s self-assembly[146] to
yield collagen matrices that are being investigated for applications in regenerative
medicine.[147-149]

More recently electrodeposition has been extended to silk fibroin protein-based gels (termed
e-gels)[150-154] and this method provides a means to prepare silk-based materials for
emerging medical applications.[*5] These studies report a reversible electrogelation of silk
films at an anode surfacel1%6:157] with the low localized pH adjacent to the anode being
important for the deposition mechanism.[157:158] Additional studies indicate that an electric
field can align silk supramolecular assemblies.[*59] Interestingly, films were also prepared
using two proteins, regenerated silk and hydrophobically-modified tropoelastin. These
proteins were first enzymatically conjugated using horseradish peroxidase (HRP) to create
the dityrosine crosslinks between proteins and then the protein conjugates were
electrodeposited.[160]

6.2.5. Co-deposition of Other Biopolymers—There are various thermally-responsive
hydrogel-forming biopolymers that would be useful to electrodeposit (e.g., gelatin and
agarose). However, it is difficult to provide the low temperature trigger in a spatially
controlled manner to induce these hydrogels to form at a sensor surface. Co-deposition
provides a means induce spatially-controlled deposition of these thermally-responsive
biopolymers. For instance, gelatin has been co-deposited by blending a warm gelatin
solution with low molecular weight, pH-responsive Fmoc-peptide hydrogela-tors that can be
electrodeposited.[161-163] After deposition, the co-deposited films are cooled allowing
gelatin to undergo its physical crosslinking to form a stable network. In fact, after deposition
and cooling, the pH can be adjusted to disassemble the Fmoc-peptides which can diffuse out
of the film leaving behind this physically-crosslinked gelatin hydrogel. Co-deposition thus
provides a mechanism to electrodeposit gelatin into spatially-organized films. Subsequent
enzymatic reactions can crosslink this network to confer thermal stability and also to graft
proteins to confer function (e.g., the film in Figure 5d was prepared by gelatin’s co-
deposition). Gelatin[164] and silk[265] proteins have also been co-deposited using chitosan.

Co-deposition has also been used to generate films with the non-ionic and thermally-
responsive polysaccharide agarose. Agarose’s co-deposition has been performed using both
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the Fmoc-peptide hydrogelators described abovel166] and the Ca%*-alginate deposition
mechanism. In the latter case, anodic deposition was performed from a warm suspension of
agarose, sodium alginate and CaCOg, and after co-deposition, the films were cooled to allow
the agarose network to form. Agarose is a useful sensor coating because charged
macromolecules can readily pass through this neutral matrix by simple diffusion or by an
electric-field driven migration (note: agarose is commonly used in biotechnology
laboratories as a matrix for gel electrophoresis). For instance, in one study, cells were co-
deposited and cultivated in an agarose-alginate network and then exposed to conditions that
affected the cell’s gene expression. The phenotypic changes in cell-surface protein
expression were then immuno-analyzed using an electric field to drive the probing
antibodies through the agarose-alginate network.[167]

6.3. Assembling a Sensor Coating for Clozapine Detection

To illustrate the potential of biopolymer electrodeposition to functionalize electrochemical
sensors, we consider recent work to detect the antipsychotic clozapine from serum samples.
As mentioned clozapine is an antipsychotic with both considerable benefit and significant
side effects, which has led several groups to conclude the need for therapeutic drug
monitoring (TDM).[63.65-69] Ejectrochemical analysis is commonly considered for
clozapine’s TDMI68-170] hyt there are significant technical challenges for detecting the low
therapeutic concentrations in blood (the therapeutic range is 1-3 pM) and overcoming the
complex matrix effects.[171] These matrix effects include interference from other chemical
species that are present at considerably higher concentrations (e.g., ascorbic and uric acids)
and the fact the clozapine is strongly bound to blood proteins. Figure 7a illustrates the
difficulty for the electrochemical detection of clozapine. In this control, a gold electrode was
used with a sensitive electrochemical method (differential pulse voltammetry, DPV). DPV
imposes a sequence of input potentials (insert illustrates these input voltages) and current
outputs are detected. When a simple buffer was used, minimal currents were detected in the
voltage range where clozapine would be detected. The inclusion of typical serum levels of
uric acid (400 pM) and ascorbic acid (100 uM) resulted in considerable overlap in the
voltage region for clozapine detection. This overlap makes it difficult to quantify, or even
detect the small peaks associated with clozapine.

Figure 7b illustrates the functionalization of the gold electrode by co-deposition of multi-
walled carbon nanotubes (CNT) with the chitosan film. The CNTs confer electrocatalytic
properties to the deposited electrode coating which has two beneficial effects. First, Figure
7¢ shows that the CNTSs shift the electrochemical oxidation peaks closer to their equilibrium
positions (i.e., it diminishes the need for an overpotential) which fortuitously shifts the
competing peaks (especially the uric acid peak) outside the window where clozapine is
detected (this effect improves selectivity). Second, CNT’s electrocatalytic properties amplify
clozapine’s oxidation signal which improves sensitivity. As a result of these two features,
Figure 7d shows that the CNT-chitosan coating allowed detection of clozapine from the
serum of a schizophrenia patient being treated with this medication (no signal appears for
the patient not undergoing clozapine treatment).[172]
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6.4. Opportunities and Challenges

We believe the above discussion demonstrates the broad opportunities of self-assembling
biopolymers for creating functional films and these opportunities extend beyond sensor
applications. The mechanisms outlined in Figure 6 give the impression that the major
fundamental questions associated with the triggered self-assembly of these hydrogel
matrices have been answered. This impression is incorrect and surprisingly little is known of
the detailed mechanistic interactions responsible for self-assembly of these biopolymer
systems. To illustrate the profound limitations to our current knowledge we consider the case
of chitosan, the best-studied electrodeposited biopolymer.

Cathodic electrodeposition induces chitosan to undergo a reversible sol-gel transition to
generate a hydrogel. Traditionally, the structure of hydrogels is considered to be a
homogenous polymeric network that traps water. Several years ago, a procedure was
reported that systematically interrupted chitosan’s gelation and multi-layer hydrogel
structures were generated.[173.174] Different groups performed variations of this interrupted
gelation process and also obtained multilayer structures.[175-177] Chitosan’s cathodic
electrodeposition can also be interrupted by supplying a sequence of electrical on-off inputs
(vs a single on-off input) and the SEM images in Figure 8a show multilayers are also
generated.[178] This interrupted electrodeposition process controls the hydrogel structure
qualitatively: the thickness of the layers is controlled by the “on” signal while the “off”
signal generates the interface between layers. The electrical inputs also control
electrodeposition quantitatively: the film thickness is controlled by the total charge transfer
(i.e., the number of protons consumed) and is semi-quantitatively described by a moving
front mathematical model.[178] Incredibly, there are no detailed theories to explain why and
how interrupted gelation processes cause the formation of these complex multilayer
structures.

A second example that illustrates the limitations to our knowledge of chitosan’s
electrodeposition is shown in Figure 8b. In this study, the cathodic deposition process was
performed from chitosan solutions containing different levels of added salt (i.e., NaCl). Salt
addition should screen electrostatic repulsions of the protonated chitosan chains. Because
chitosan chains are somewhat rigid, the salt is expected to have little impact on chain
conformationl179] yet this screening of repulsions should facilitate the chain-chain self-
assembly that results in film formation. Experimentally, when deposition was performed
under increasing salt concentrations, the resulting films differed between strong transparent
films (no salt) to a weak opaque network of aggregates (high salt).[8% The quartz crystal
microbalance (QCM-D) measurements in Figure 8b show orders-of-magnitude differences
in the mechanical properties (i.e., the elastic modulus) of the wet films depending on the salt
concentration of the initial deposition solution.[X80 This result demonstrates how processing
conditions (salt concentration) dramatically affects structure (transparent film vs network of
aggregates) and properties, yet the fundamental framework to understand processing,
structure and properties is lacking.

To better understand the mechanistic details of biopolymer (e.g., polysaccharide) self-
assembly, we have begun to enlist molecular modeling.[*81] Specifically, we used all-atom
molecular dynamics (MD)[182] and the all-atom version[183-185] of continuous constant pH
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molecular dynamics (CpHMD)[186.187] ith the pH replica exchange (pH-REX).[188] To
simulate chitosan’ self-assembly, we modeled the reverse process — the dis-assembly
(dissociation) of 16 10-mer chains of chitosan that had initially been assembled into a
“cystallite” structure. There are two important features from the simulation results in Figure
8c. First, these simulations indicate that the partially assembled chitosan structure has a
hydrophaobic interior (with little hydration and neutral deprotonated amines), while the
water-exposed exterior is hydrophilic (with considerable hydration and cationic protonated
amines). This feature is reminiscent of the tertiary structure of globular proteins with their
hydrophaobic core and hydrophilic solvent-exposed shell. Second, the free energy diagram in
Figure 8c shows that the energetics of self-assembly (AAG 4500 Vary considerably with pH
and at a high pH, chitosan’s self-assembly is highly favorable (AAGag50. K 0). The rugged
free energy landscape observed in these polysaccharide self-assembly simulations are
reminiscent of those observed for RNA folding.[189.190]

The experimental and simulation results in Figure 8 indicate that chitosan self-assembles
through strong non-covalent interactions. Self-assembly through strong non-covalent
interactions yields structures that tend to be meta-stable and do not “anneal” to a more
thermodynamically-favored state.[192-195] Thjs situation is analogous to a traditional
materials science view that a material’s structure and properties are controlled by processing
conditions (not by thermodynamics). Thus, these results demonstrate the broad design space
available to control the deposited film’s structure and properties, but these results also raise
concerns of repeatability: small, seemingly insignificant changes in deposition conditions
can yield large variations in the resulting structure and properties.

7. Redox-capacitor for Interactive Redox Probing of Chemical Information

7.1. Electrochemical Acquisition of Redox Information

Figure 4b illustrates that the second part of the broad vision is to have some sensors that can
interactively probe for chemical information, and especially for redox information. As
mentioned, we believe redox measurements may provide global systems-level chemical
information relevant to biology because (i) redox is emerging as an important biological
communication modality and (ii) redox measurements may provide insights on the oxidative
stress that contributes to various human diseases. Because biological redox-communication
does not follow the traditional lock-and-key model for molecular specificity, we envision the
possibility that global redox information can be accessed using a single sensor analogous to
the single metric paradigm of Figure 2b. However, we extend this paradigm to actively probe
the local environment interactively. Figure 9a illustrates that we envision an interactive
electrochemical approach that is approximately analogous to sonar’s ability to use sound
waves to probe a local environment for the presence of objects in water. At first glance, this
may not seem like a particularly useful analogy: the physical interactions of the sound waves
with objects are not obviously related to the underlying chemical interactions that are
measured by electrochemical analyses. Yet we believe there are three important features in
Figure 9b that can be used to extend electrochemical analysis to enhance its ability to probe
for the ill-defined chemical information.
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7.2. Redox Mediators

Standard electrochemical approaches require the redox-active chemical species to diffuse
through the medium to access the electrode surface in order to be detected. To extend
electrochemical analysis toward a sonar analogy, we add low molecular weight diffusible
redox mediators that can actively probe the local environment. Specifically, Figure 9b shows
these mediators can: be oxidized/reduced at the electrode surface, diffuse away from the
electrode where they can undergo redox interactions with various components in the film-
coating or medium, and then return to the electrode for subsequent electron exchange.
Electron exchange between the mediators and electrode is detected electrochemically (e.g.,
as a current) and these signals contain historical information of the mediator’s redox
interactions. Basically, the mediators serve two functions: they transduce the electrode’s
electrical input/output into redox-signals and they serve as the “particles” that transmit the
redox-signal throughout the film-coating and into the surrounding solution.

7.3. Complex Inputs and Outputs to Process Information

The second feature of the sonar analogy in Figure 9b is that an electrochemical probing
could employ analogous signal processing methodologies that underpin sonar. Sonar and
modern telecommunications encode, transmit and decode information using oscillating
signals (e.g., the sound waves for sonar or the radio waves for wireless communication).
Electrochemistry already provides inputs/outputs in an electronic format convenient for
signal processing, and many electrochemistry techniques employ oscillating inputs and
outputs. For instance, impedance spectroscopy employs sinusoidal inputs and outputs and
directly enlists the Nyquist and Bode formalisms common to signal processing. Cyclic
voltammetry (CV) also uses oscillating inputs and the information embedded in the outputs
has analogies to signal processing: the CV inputs and outputs have the same frequency; the
amplitude (peak current) contains information of reactions at the solution-electrode
interface; and the phase (potential at peak current) contains information of the reacting
species and possible mass transfer limitations for these species to diffuse to the electrode
interface. Thus, while electrochemistry and signal processing already share some concepts,
we suggest that a fuller utilization of signal processing methodologies could extend the
reach of electrochemistry for extracting global systems-level chemical information from a
complex and noisy matrix. In essence, we envision that interactive probing will allow
chemical information to be acquired by hypothesis-free reverse engineering which is an
entirely different approach from the standard hypothesis-driven one sensor one-analyte
paradigm.

7.4. Redox-Capacitor Film

The third feature of Figure 9b is a redox-capacitor film that serves to manipulate (i.e.,
process) redox-based signals in ways that facilitate interpretation. This redox-capacitor film
is fabricated on an electrode surface in two steps as illustrated in Figure 9c. First, chitosan is
cathodically electrodeposited on the gold electrode.[128.181.196] Second, the chitosan-coated
electrode is immersed in a solution containing catechol and the underlying gold electrode is
biased to anodically oxidize catechol to o-quinones which initiates its covalent grafting to
the chitosan film.[197:198] This catechol-modified-chitosan film is non-conducting but redox-
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active: it cannot directly exchange electrons with the underlying electrode but it can
exchange electrons with soluble redox-active species that can diffuse into the film.[199.200]
Importantly, this redox-capacitor has been observed to exchange electrons with a broad
range of redox active species that include common electrochemical mediators and also
common biological reductants (e.g., NADH) and oxidants (e.g., O5).[201.202] As jllustrated
with results for the analysis of clozapine, the combination of redox-active but non-
conducting confers interesting molecular electronic properties to the film.

7.5. Clozapine’s Redox-Cycling with the Catechol-Chitosan Redox-Capacitor

Clozapine is redox active and can be anodically oxidized at the gold surface. As suggested in
Figure 10a, anodic oxidation initiates clozapine’s redox-cycling such that the oxidized
species diffuses from the underlying electrode into the redox capacitor film where it is re-
reduced by accepting electrons from the grafted catechol moieties. Clozapine’s oxidative
redox-cycling thus serves to discharge the capacitor by mediating the transfer of electrons
from the film to the electrode (i.e., by converting reduced catechol moieties to oxidized o-
quinone moieties). Because the redox-capacitor has a finite capacity to store electrons, this
oxidative redox-cycling cannot proceed indefinitely. To re-charge the capacitor with
electrons, a second mediator (e.g., Ru(NH3)gCls; Rud*: £2 = -0.2 V vs Ag/AgCl) is used to
accept electrons from the electrode and transfer them to the capacitor through a reductive
redox-cycling mechanism. The thermodynamic plot in Figure 10b indicates that the
combination of oxidative and reductive redox-cycling in the presence of both electron
mediators (clozapine and Ru3*) can occur if (a) the mediators’ redox potentials bracket the
redox-potential of the grafted catechol moieties, and (b) the imposed electrode potential is
cycled between oxidative potentials (more positive than clozapine’s redox potential) and
negative potentials (more negative than Ru3* redox potential). From a functional standpoint,
the redox-cycling interactions with the redox-capacitor substantially alter the measured
electrochemical currents.

7.5.1. Amplification—Redox-cycling with the capacitor links clozapine’s oxidation with
Ru3* reduction and leads to an amplification of both electrochemical currents. Such
amplification can enhance the sensitivity of electrochemical analysis.[203:204] Amplification
of clozapine’s oxidation and Ru3* reduction currents is illustrated by the cyclic
voltammograms (CVs) in Figure 10c. Specifically, when a solution containing both
clozapine (25 uM) and Ru3* (25 pM) was probed using the redox-capacitor film, amplified
oxidation and reduction currents were observed (compared to controls in which Ru3* was
absent or the electrode was coated with a control chitosan film).[205-207]

7.5.2. Repeated Cyclic Input/Output—If the oxidative and reductive redox-cycling
mechanisms are fully reversible and reasonably balanced, then oscillating voltage inputs can
be imposed over long periods to generate time-invariant (i.e., steady) output currents.
However, irreversibilities in the underlying chemistries or electrode fouling can result in
attenuations in output currents over time. Such irreversibilities occur with clozapine because
this molecule can undergo complex irreversible oxidation reactions.[208] The CVs in Figure
10d show attenuation in output currents for an experiment in which the clozapine-Ru3*
solution was probed using the catechol-chitosan redox capacitor for multiple cycles. Figure
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10e shows the same results plotted as an input-output representation where time is shown
explicitly as the x-axis. This input-output representation is a more common form for analysis
by signal processing. Importantly, the observed attenuation provides information of
clozapine’s underlying oxidation chemistries and appears as outputs in the Ru3* reduction
region which should facilitate interpretation because (i) Ru3* electrochemistry is well-
understood, and (ii) Ru3* oxidation/reduction occurs in a less-crowded potential region
(compared to the potential region where clozapine is oxidized). While this input-output
representation is neither linear nor time-invariant — two key assumptions in the mathematical
analysis in signal processing — it does suggest the opportunity to apply the powerful methods
of signal processing to enhance the extraction of chemical information.

7.5.3. Complex Input/Outputs—Finally, the redox-capacitor allows novel approaches to
be used to access chemical information. Specifically, a sequence of complex input signals
can be imposed and the response characteristics can be monitored to acquire information in
a way that resembles typical reverse engineering methods.[291 Such a sequence of signals is
illustrated in Figure 10f which shows the probing of a clozapine-Ru3* solution with varying
potential amplitudes (i.e., the input voltage range was progressively increased). Initially the
solution was probed by cycling the voltage through a limited range of reducing potentials.
This initial potential range was sufficient to reduce Ru3* and charge the film, but
insufficiently oxidative to oxidize clozapine and discharge the film. Thus, the initial output
current shows small Ru3* reduction peaks and no clozapine oxidation peaks. Over time, the
input voltage range was progressively expanded to allow clozapine’s oxidation which then
induces the oxidative redox-cycling that discharges the capacitor. As expected, a clozapine
oxidation peaks appears when this expanded voltage range is imposed. In addition, when
this enlarged potential range is imposed, clozapine’s oxidative redox-cycling is initiated and
the capacitor can be discharged. Upon discharging, the capacitor can then begin accepting
electrons via Ru3* redox-cycling and thus an amplification in Ru* reduction is also
observed in Figure 10f. The important point is that because of the capacitor’s redox-cycling,
an input perturbation in an oxidizing potential region (i.e., by expanding the voltage range to
oxidize clozapine) results in an output perturbation in a reducing region (i.e., an
amplification of Ru3* reduction). Mechanistically, the redox capacitor couples the oxidative
redox-cycling of clozapine with the reductive redox-cycling of Ru3*. We believe this
example illustrates the opportunity for interactively probing for chemical information: by
creatively coupling mediators with a complex sequence of voltage inputs it is possible to
generate signature outputs that reflect the underlying redox interactions in a sample.

In summary, we believe electrochemistry is uniquely suited to access redox-based chemical
information relevant to biology. Here, we use the example of clozapine’s redox-cycling, but
various other biologically-relevant molecules (e.g., the bacterial virulence factor
pyocyanin,[294] the plant signaling molecule acetosyringone,[292] and the analgesic drug
acetaminophen(219]) and cell populations[2%9] can undergo redox-cycling with the catechol-
chitosan redox-capacitor. From a sensor standpoint, we envision this redox-capacitor coating
could access information of biologically relevant redox interactions and thus could be a
useful element in a sensor array.
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7.6. Opportunities and Challenges

Redox mediators are integral to the interactive probing illustrated in Figure 9 as they serve to
convert the imposed electrical inputs into redox signals that can be transmitted to undergo
interactions with the local environment. Electrochemists routinely use mediators to exchange
electrons with electrodes, and mediators are sometimes used to exchange electrons with
redox-active components in a local environment to perform functions for bioelectronics
(enzyme-based biosensing21l and microbial fuel cells[?12]), bioelectrosynthesis, [213:214]
environmental remediation, [214-216] sample characterization,[25.202.217-219] and molecular
actuation.[220-222] We extend the use of redox mediators to engage in redox-cycling with the
redox capacitor for the purpose of enhancing access to chemical information.[201] We
anticipate that a judicious selection of mediators (including biological oxidants and
reductants) could enhance the selectivity of information access, while the simultaneous use
of multiple mediators may provide broader access to redox information.[25] The ability to
enlist mediators to probe with increased selectivity or breadth will require a better
understanding of mediator-based redox interactions.

Complex electrical inputs and outputs allow the mediator-based transmissions to be tailored
to probe for specific information (e.g., as in Figure 10f). Further, the use of cyclic inputs and
outputs to generate time invariant signals also allows access to the formalisms of
information processing and control theories for signal analysis. Extending these theories for
the interpretation of electrochemically generated chemical information should offer exciting
possibilities.[10-13] These theories typically use cyclic inputs of varying frequencies and
interpret results using mathematical formalisms that assume linear time invariant responses.
Electrochemical responses may not always satisfy these assumptions223] and it is not clear
how much information can be extracted from the frequency-dependence of the response
signal (compared the non-sinusoidal morphology of the signal).[25.224] Despite these
limitations however, the extension of well-developed communication theories to the
acquisition of chemical information from electrochemical signals seems like a fruitful area
for future investigation.

The redox capacitor in Figure 9 is fabricated from catechols which are among nature’s most
abundant redox-active organic compounds.[225] These catechol-based films have been shown
to exchange electrons with a broad range of mediators including biological oxidants and
reductants. Further, the film’s redox-potential (£° ~ +0.2 V vs Ag/AgCl) is within a
biologically relevant range thus positioning the films to exchange electrons under
physiologically-relevant conditions. Further, these redox-capacitor films are simple to
fabricate requiring only two electrochemical steps and no reagents. Potentially, capacitor
films could be fabricated using alternative redox-active moieties (with different redox
potentials) or even multiple moieties to access different redox information (e.g., information
from a different set of molecules).

8. Conclusions and Future Perspectives

Simpler, faster and more reliable access to chemical information could transform our ability
study our environment, protect our citizens and manage our health, yet accessing such
chemical information has proven to be difficult. There have been remarkable technical
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advances from diverse fields of science and engineering that can contribute “hardware” (e.g.,
nanocomponents) and “software” (e.g., signal processing) to access and interpret chemical
information. Key to success is the ability to integrate these diverse capabilities into
functional systems, and we suggest that biological materials have important integrative
capabilities. We summarize results which show biopolymers (polysaccharides and proteins)
can recognize device-imposed electrical stimuli to trigger the self-assembly of hydrogel
sensor coatings. Through a variety of mechanisms (e.g., co-deposition and enzymatic
assembly) these electrodeposited coatings can be equipped with function-conferring
components. The speed, simplicity and programmability of biopolymer electrodeposition
should allow the generic on-demand creation of a small set of sensors that can provide the
overlapping selectivities that allow broad access to chemical information. We further
summarize results with a catechol-based redox capacitor that allows interactive probing
through a redox modality that is integral to biological signaling yet accessible by
electrochemistry. Potentially redox may provide global systems-level access to biological
information while enabling the capabilities of signal processing to be applied to understand
this information.
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(a) SensorSeparation Approach (b) Sensor Assay Approach
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Figure 1.
Acquiring chemical information. Historically, sensor approaches were similar to

conventional chemical analysis where a membrane/coating was used to (a) separate away
unwanted components from a signal, or (b) recognize/assay a specific chemical component.
(c) Technological advances from diverse fields are providing entirely new opportunities for
acquiring chemical information.
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(b) single Metric Paradigm
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(c) Pattern Recognition Paradigm
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Paradigms for accessing chemical information by electrochemical sensors.
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Figure 3.

Clozapine is an important antipsychotic medication that is under-utilized in part because of
the difficulty of maintaining serum levels within the therapeutic range. (a) Inter-individual
variations make it difficult to control serum levels solely by controlling dosage. (b)
Illustrative plot comparing clozapine’s therapeutic range with physiological range for serum
glucose.
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(a) Individually Functionalize Sensors
Functionalized hydrogel film coatings
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Figure 4.

Our vision. (a) Biofabrication to assemble coatings for an array of “semi-smart” sensors. (b)
Interactive probing to trigger chemical-material interactions that reveal a sample’s molecular

information.
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(a) Stimuli Control of Assembly (b) Programmable and Repeatable Assembly
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Figure 5.
Broad capabilities enabled by enlisting biological materials and mechanisms to biofabricate

sensor coatings. Reproduced with permission.[127] Copyright 2015, Elsevier. (a) Stimuli-
responsive self-assembly allows simple, rapid and reagentless assembly of the sensor
coating. (b) Reversible coating mechanisms allow generic and re-usable electronic systems
to be fabricated while application-specific coatings can be applied on-demand. (c)
Electrodeposited coatings can be functionalized using diverse methods (e.g., chemical
conjugation to create a nucleic acid hybridization assay). Reproduced with permission.[121]
Copyright 2004, American Chemical Society. (d) Enzymes can be enlisted to confer
functionality. Reproduced with permission.[124] () Compatibility of assembly mechanisms
and coating systems allows integration of complex cell-based functionalities. Reproduced
with permission.[125] Adapted with permission.[18%] Copyright 2013, The Royal Society of
Chemistry.
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Figure 6.

Summary of various known biopolymer electrodeposition mechanisms. Chitosan deposition
by (a) cathodic neutralization[19] and (b) anodic oxidation.[129] Alginate’s deposition by (c)
anodic neutralization,[19] (d) anodic Ca2*-liberation from CaCO3,[1%8] and (e) anodic Fe*

oxidation.[138]
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(b) Electro-Addressing of CNT-chitosan Composite Film
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Clozapine detection by gold electrode coated with a chitosan film containing carbon
nanotubes (CNTs).[172] (a) Control studies with gold electrode show common blood
components uric acid (400 uM) and ascorbate (200 uM) interfere with clozapine’s detection.
(b) Cathodic co-deposition of CNT-chitosan film. (¢) CNT’s electrocatalytic properties shift
interfering peaks for uric acid. (d) Detection of clozapine from serum of a schizophrenia

patient. Reproduced with permission.[172]
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Figure 8.

Challenges and opportunities to understand biopolymer self-assembly. (a) A sequence of on-
off inputs to a wire electrode can interrupt chitosan’s cathodic electrodeposition and yield a
complex multilayer film.[178] (b) The presence of salt in the deposition solution significantly
alters the deposited film’s properties.[18% (c) Molecular modeling suggests chitosan self-
assembles into crystalline domains with considerable hydrophobic character and that this
pH-dependent self-assembly is highly favorable indicating that meta-stable states may be
effectively “locked” in place.[181] Adapted from Ref. [178,180] with permission from The
Royal Society of Chemistry. Reproduced with permission.[181] Copyright 2015, American
Chemical Society.
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(a) Sonar’s Interactive Probing
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Figure 9.
Interactive probing of redox activity. (a) Analogy to sonar. (b) Electrochemical probing

using (i) redox mediators to both transduce electrical-redox 1/0 and transmit redox signals,
(if) complex 1/0 to tailor interactive probing, and (iii) redox capacitor to modify redox 1/0 to
facilitate interpretation. (c) Fabrication of catechol-chitosan redox-capacitor by (i) cathodic
electrodeposition of chitosan, and (ii) anodic oxidative-grafting of catechol moieties.
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(a) Redox-cycling with Capacitor
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(c) Amplified Current
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(f) Complexed Inputs-Outputs
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Interactive redox probing of clozapine. (a) Clozapine undergoes oxidative redox-cycling
with the catechol-chitosan redox capacitor and this can be balanced by the reductive redox-
cycling of an added mediator (Ru3+).[206.207] Redox-cycling interactions (b) are
thermodynamically constrained, (c) amplify output currents, and (d) couple output
responses. (e) Input-output representation illustrates that irreversibilities in clozapine’s
oxidation can be detected in the attenuation of Ru3* reduction currents. (f) Complex inputs
can be imposed to generate complex, but interpretable outputs: an initial reductive input
potential range that precludes clozapine oxidation also suppresses Ru3* reductive redox-
cycling, while the expanded input potential range that allows clozapine oxidation also allows

Ru3* reductive redox-cycling.
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