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EPIGRAPH

1l semble que la perfection soit atteinte non quand il n’y a plus rien a ajouter,

mais quand il n’y a plus rien a retrancher.

Translation - Perfection is attained, not when there is nothing left to add,
but when there is nothing left to take away.
—Antoine de Saint Exupéry, Terre des Hommes (1939)
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The rapid and reliable detection of injury, particularly in battlefield con-
ditions, remains a fundamental challenge in emergency medicine. Furthermore,
injuries that cause internal bleeding, especially in circumstances when the affected
individual fails to exhibit outward signs of this life-threatening condition, are par-
ticularly difficult to identify. These situations have illustrated the need for ad-
vanced diagnostic measures to assess injuries to the soft tissues with a high degree
of accuracy. Commonplace approaches have been directed at sophisticated diag-
nostic equipment for the detection of these conditions such as magnetic resonance
imaging and electromyography. However, these tools are costly, time-consuming,

and a challenge to operate in the field during which the delivery of an immediate
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therapeutic intervention is crucial. In situations where such imaging equipment or
laboratory tests are not available or cannot deliver results in a timely fashion, the
diagnosis is typically administered by a medical professional upon thorough phys-
ical examination. Unfortunately, owing to the complex pathophysiology of many
injuries, this approach has frequently resulted in misdiagnoses that have resulted in
unnecessary treatments, thereby encumbering the healthcare provider and placing
an additional burden upon the patient. Effective diagnostic tools that enable the
rapid administration of a targeted treatment would offer great promise for improv-
ing the prognosis of injury, particularly in battlefield conditions. Recent research
endeavors in the biochemical computing arena have resulted in the demonstration
of sophisticated enzyme-based cascades that leverage Boolean principles to emulate
electronic logic gates in the biochemical domain. Such enzyme-based logic gates
possess the unique ability to integrate complex patterns of bio-/chemical inputs
and tender a diagnosis in a straightforward binary ‘0’/‘1” or ‘NO’/*YES’ format.
This dissertation explores the manner in which such advanced diagnostic systems
can be engineered and leveraged to achieve useful aims in the diagnosis (and even-
tual treatment) of injury in an autonomous fashion, thereby leading towards the
development of an integrated ‘Sense-Act-Treat’ field ‘hospital-on-a-chip’ system.
The systems presented in this work are evaluated at their physical limits under
utilitarian embodiments and are hence shown to be of practical importance in the

healthcare, fitness, security, and environmental monitoring domains.
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Chapter 1

Introduction

I am always doing that which I cannot do,
i order that I may learn how to do it.

—Pablo Picasso

Since the age of classical antiquity, man has looked to the natural world
to provide the inspiration necessary to enable advancements in science, medicine,
architecture, and engineering [1]. Research efforts have long sought to leverage
bio-inspired principles to emulate biological systems in artificially-engineered ‘or-
ganic’ embodiments [2, 3]. Indeed, artificial systems that exploit the anatomical
‘hardware’ of the biological entity would serve to overcome some intransigent obsta-
cles that limit the deployment of such systems for utilitarian applications, thereby
drammatically augmenting the capabilities of man-made devices and providing
countless avenues for further technological development. Not surprisingly, the hu-
man body represents a compelling, yet formidable paradigm to emulate, marked by
its ability to execute thousands of known metabolic reactions continuously [4] in an
astonishingly well-orchestrated and remarkably efficient cascade that is duplicated
in a massively parallel fashion in the roughly 100 trillion cells that comprise the
human anatomy [5].

Owing to the vastly dissimilar principles that govern the operation of artifi-
cially engineered inorganic and naturally-occurring organic information processing

systems, challenges materialize when integrating these two unique entities into a
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Figure 1.1: High-level comparison between engineered and organic computing
systems.

cohesive, fully-functional ‘biocomputing’ system. To the detriment of those in-
dividuals conducting lines of inquiry in this domain, the biocomputing aim has
been frustratingly elusive. Much effort has thus been directed at the design of
the interface between these two systems to exploit the unique strengths afforded
by each platform, albeit progress in this arena has been severely hampered by
limitations in the exchange of information between the two mutually-exclusive
embodiments with any appreciable degree of fidelity and robustness. Accordingly,
practical implementations of this interfacial approach have not witnessed any util-
itarian applications and have, as such, remained much of a scientific curiosity and
discourse in juxtaposition.

Rather than insisting on hybrid approaches whereby two incompatible sys-
tems (inorganic and organic) are merged into a complex aggregate encompassing
trivial functionality, chemical reactions may be engineered to process chemical in-
formation exclusively in the chemical domain prior to the transduction of the result
of the information processing operation into the electrical domain for further ma-

nipulation. In this vein, certain physical effects intrinsic to bio-/chemical reactions



may be harnessed, such as catalysis, which, in turn, can be leveraged as a com-
putational tool. By mitigating the need for multiple electronic transducers and
reducing the complexity of the associated chemical-to-electrical conversion, power,
geometrical, resiliency, and cost constraints can be alleviated. This novel approach
would overcome the obstacles that have traditionally impeded the promulgation of
bio-/chemical devices as information processing systems.

As a pragmatic examination, this dissertation explores the avenues in which
biocomputing principles can be exploited to achieve useful aims. Biosensor devices
and systems are taken as proof-of-principle examples and represent a compelling
paradigm where the infrastructure has already been established to facilitate the
interface between bio-/chemical systems and simple electronic devices. More cru-
cially, a demonstrated need has been identified in this domain for further advance-
ment in the state-of-the-art leading towards advanced diagnostic measures aimed
at mitigating chronic diseases and acute forms of injury / trauma, thereby improv-

ing survival rates from a host of life-threatening pathophysiological conditions.

1.1 Utility of electrochemical biosensors

Broadly speaking, a chemical sensor is a device that can be employed for
the detection of a specific analyte in a sample matrix [6]. In that vein, chemi-
cal sensors measure a physical quantity, converting it into a signal which can be
readily interpreted by an observer or instrument. Ideally, such a device is capa-
ble of responding continuously and reversibly to the target analyte in the matrix
and does not otherwise perturb the sample. Key considerations in the design
of chemical sensors include elevated sensitivity to the target analyte, hence im-
proving detection limits, high selectivity to the target and the ability to mitigate
sources of interference, stability of the response over extended sensing durations,
and response time to enable the rapid presentation of readings to the operator
or acquisition unit [7]. Through the combination of the sample collection and
measurement routines, chemical sensors obviate the need for sample preparation

and handling, hence increasing reliability, mitigating the risk of sample contami-
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Figure 1.2: Block-level diagram of the basic components comprising enzymatic
electrochemical biosensors. S — Substrate, P — Product, E — Enzyme.

nation, and substantially lowering the likelihood of user error, thereby providing
the operator with an automated method for complex chemical analysis [8].

Gleaning further into specifics, a biosensor represents a subclass of chemical
sensors that is designed to detect the presence of a biochemical entity in a biological
environment [9]. Electrochemical biosensors represent a pervasive (and perhaps the
most widely researched and clinically-implemented) segment of this domain and
exploit the fact that certain chemical species can undergo reduction / oxidation
reactions, thereby giving rise to a redox current that can easily be detected via the
application of a suitable potential at an electrode transducer.

In order to impart selectivity towards the desired analyte, a biosensor mo-
nopolizes on a functionalized biorecognition layer at the electrode transducer sur-
face. The biorecognition layer interacts with the target analyte in a specific manner
and the physio-chemical changes that originate from this interaction are translated
by the transduction element to electrical signals, as illustrated in Fig. 1.2. The
biorecognition layer typically harnesses either immuno-recognition / affinity (via
antibodies or nucleic acids) or biocatalytic (via enzymes or cells) principles [7]. This
work is concerned, almost exclusively, with the latter — enzymatic electrochemi-

cal biosensors that are transduced in an amperometric fashion (to be discussed in



following sections).

1.2 Techniques for conventional electrochemical

biosensing

Conventional electrochemical biosensors facilitate the detection of a bio-
chemical analyte via the electrochemical reduction or oxidation of an analyte di-
rectly or by means of the reduction / oxidation of the product generated by a
chemical reaction instigated by the presence of the analyte. An electroactive me-
diator may be employed in either scenario. Amperometric biosensors have enjoyed
widespread commercial adoption due to their intrinsic sensitivity, stability / robust
nature, ease of manufacture, cost-effectiveness, and compatibility with industrial
thick-film fabrication processes [7, 9]. Owing to their numerous advantages, amper-
ometric enzymatic biosensors are the current mainstay of the glucose monitoring
industry and have enabled body-worn, real-time quantification of glucose due to
the advantages of the technology enumerated above [10].

Typically, a three-electrode configuration is employed and consists of a
working electrode (where the redox reaction of interest occurs), a counter elec-
trode (where the current is sourced or sinked), and a reference electrode (em-
ployed to establish a stable potential from which reactions can be ‘referenced’ to
a well-known standard electrode potential). Depending on the applied potential
at the working electrode (and the nature of the reaction occurring at its surface,
whether it be oxidation or reduction), it may either be considered as the anode
(where oxidation reactions occur) or cathode (reduction) of the electrolytic system
with the complementary redox process occurring at the counter electrode. Carbon,
carbon-composite, or metallic-based materials are typically employed in working
and counter electrode biosensor embodiments owing to their superior stability and
electrocatalytic abilities. The surface of these electrodes can be ‘roughened’ (micro-
or nano-structured) to impart augmented surface area to further enhance the cur-
rent response and provide for ‘pockets’ in which biorecognition or catalytic agents

may be entrapped. An Ag/AgCl-based reference electrode is widely considered the



norm in the biosensor arena due to its facile electron kinetics and thermal stability.
These electrodes may either consist of bulk materials or fabricated using thick-film
technology (screen printing), as will be the object of discussion in Chapter 5.

To enable percutaneous applications, an enzyme is generally immobilized on
the surface of the working electrode utilizing any one of the following techniques:
polymer / membrane entrapment, surface adsorption, covalent binding, electro-
static binding, or biospecific interactions [7]. The utilization of the techniques
mentioned satisfies several operational requirements including enzyme stabiliza-
tion and preservation of catalytic activity and hence facilitates reversible, long-
term performance, which is of substantial value in implantable and subcutaneous
monitoring applications. To promote the sensitive electrochemical detection of the
product produced from the enzymatic interaction with the substrate, the product
of the biocatalytic reaction may either be permitted to diffuse unabated to the
electrode surface [11] or the detection process can be arbitrated indirectly through
the implementation of a freely-diffusing redox mediator [12]. Direct electron trans-
fer may also be achieved from the active site of the enzyme to the electrode via a
number of ‘wiring’ techniques in order to yield further enhanced electrochemical
detection [13].

From a systems-level perspective, the resultant signal generated by the
biosensor is tendered to the wearer, in quasi-real-time, in order to enable them
to make informed decisions regarding their physiological status. A notable ex-
ception is the ongoing development thrust leading towards the demonstration of
an artificial pancreas [10], where a glucose biosensor is employed in conjunction
with a tightly-regulated insulin-delivery device in order to respond to the insulin
needs of the patient in an autonomous and dynamic fashion. In an attempt to fur-
ther augment the specificity and diagnostic capabilities of such devices, electrode
arrays may be functionalized with unique enzymes and interrogated electrochem-
ically. The resultant signals generated by the transduction step are channeled
to an embedded microcontroller, which subsequently renders a readout regarding
the levels of the target biomarkers. However, owing to the size of such systems,

practical embodiments of this approach have solely consisted of semi-automated



benchtop analyzers for use in the hospital laboratory. Furthermore, as a result of
the complexity of this approach, the information generated by the system is left

to be interpreted by experienced operators rather than the patient.

1.3 Limitation of current biosensor technologies

Conventional biomedical, industrial, security and environmental sensing
techniques are limited in their capacity to process inputs in the chemical domain in
a highly parallel fashion that enables the concurrent realization of high specificity /
fidelity and reduced dependence on electronic signal processing. This fundamental
limitation presents a challenge when utilizing such chemical sensors for a multitude
of diverse applications. Although methods do exist to integrate and process a wide
variety of sensor inputs, their operational merits are limited. A concept that seeks
to differentiate among various scenarios must be able to address the multitude of
possible situational phenomena, only some of which may be of concern. Accord-
ingly, the development of high-fidelity biosensors necessitates the minimization of
the electronic backbone and the co-location of the information processing oper-
ations within the chemical domain itself, even if multiple situations are assessed
simultaneously.

The reliable and rapid detection of a multitude of common battlefield in-
juries is a paramount challenge in emergency medicine [14] and represents an ex-
cellent example of the need to differentiate between various pathophysiological
scenarios. Accordingly, there are urgent needs for a novel sensing contingent en-
abling a comprehensive high-fidelity diagnosis of multiple injury conditions [14].
Battlefield injuries can vary greatly in nature, extent, and severity, and thus these
injuries manifest a wide array of pathophysiological scenarios [15]. This, in turn,
presents a fundamental challenge to the identification of different forms of injury in
occurrences such as polytrauma, especially in cases arising from blast injury [16],
where a rapid determination of the injury / injuries is essential [17]. A concept that
seeks to differentiate various forms of relevant injuries must be able to mitigate the

large number of combinations and permutations of physiological and pathological



states in a rapid and reliable manner, only some of which may correspond to bona
fide injury. In cases involving polytrauma, the diagnosis for such injury is typi-
cally tendered by a medical professional following close physical examination and a
comprehensive regimen of conventional laboratory tests [18]. Despite the advanced
state of diagnostic technologies that assist the physician in assessing individual in-
juries, very few solutions exist in the hospital setting that can address multiple
injuries in a comprehensive, rapid, and high-fidelity manner. Even fewer solutions
exist that can yield such results in field settings [19]. The realization of advanced,
field-based diagnostic devices for reliable injury screening thus represents a crucial
challenge in healthcare today. The simultaneous evaluation of multiple injuries is
a required core competency of such diagnostic system.

When mechanical damage to specific organs or tissues occurs, chemical
species (proteins and / or low molecular-weight compounds, normally present only
in intravascular compartments) are released into various body fluids (blood, urine,
etc.). Rapid and sensitive detection of these biomarkers is essential for a proper
diagnosis of injury, many of which are already present at relatively high concen-
trations in blood under normal physiological conditions. Additionally, increased
levels of certain freely circulating chemical species following an injury are asso-
ciated with the metabolic response due to the pathological processes (oxidative
stress, metabolic acidosis, etc.) and are not necessarily associated with damage
to specific organs or tissues. Biochemical screening of injury / disease biomarkers
nowadays relies on optical immunoassays [20] performed by well-trained person-
nel using sophisticated semi-automated hospital analyzers [21]. As can be inferred,
such analyzers are not compatible with the requirements of rapid injury diagnostics
in field settings.

Several approaches have been proposed for the comprehensive decentral-
ized assessment of multiple injuries in a convenient, single-test format [22]. These
include parallel biosensors / biosensor arrays [23, 24] and lab-on-a-chip devices
[25], as these devices can leverage electronics for further information processing.
Although these technologies enable the integration of a number of specific bio-

chemical functionalities for the determination of a multitude of pathophysiological



states, they suffer from several limitations [26]. Most notably, each sensing element
must be read-out and processed by dedicated electronic circuitry, thereby placing
an additional burden on the corresponding microelectronic devices and accompa-
nying power sources. Consequently, such schemes are not amenable to ultra-low
power decentralized operation and integration into disposable biosensors that is
an essential prerequisite of field-based biosensing devices. Moreover, to handle the
relatively large amount of information acquired by these systems, the above tech-
niques must rely on multiplexing or encoding operations to be performed in the

electronic domain.

1.4 Need for an alternative biosensing paradigm

The limited specificity of assays of single enzyme biomarkers can be rectified
by the simultaneous analysis of several biomarkers. Although each biomarker may
not allude to a specific injury when evaluated on an individual basis, the integration
of multiple biomarkers would enable distinction among various injury conditions
and thereby provide more comprehensive insight into the nature and extent of the
injury. This analysis could be performed with the implementation of Boolean logic
in biocatalytic systems [27, 28, 29, 30, 31], whereby the biochemical input and
output signals are considered in the binary format: 0 / 1 (False / True, No / Yes).
In this regard, a threshold separating the normal and pathological concentrations of
the biomarkers can be implemented and operation can be ascribed to a pre-defined
truth table. Logic-based systems with multiple-input markers can be designed
in such a manner that a positive diagnosis is tendered only in scenarios when
pathological levels of all biomarkers are presented.

Bearing in mind the future potential use of bio-/chemical computing sys-
tems for molecular computers [32, 33] based on novel concepts analogous to artifi-
cial intelligence [34, 35], there still remains a need to identify immediate applica-
tions for these systems based on the present level of technology. One of the stimuli
for the development of biocomputing systems is their potential application in novel

multi-signal responsive biosensors [36, 37] and actuators [38, 39] able to tender a
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logic-based assessment of complex patterns of biochemical signals (e.g. for biomed-
ical applications) [40, 41, 42, 43]. Extending this concept one step further, such
biosensors and actuators can be interconnected in order to form autonomous re-
active biomedical devices in connection to a ‘Sense-Act-Treat’ concept to identify,
act upon, and ameliorate a pathological condition or injury that has been detected.
Indeed, most biosensors of the current day are capable of analyzing concentrations
of only a single analyte (e.g. glucose) [44, 45]. In order to perform simultaneous
analysis of several analytes, complex sensor arrays must be employed [46]. Signals
generated by such multi-sensor arrays require additional back-end processing in
the electronic domain in order to present the results in the final format. Since the
data is usually manifested by various concentrations presented in ‘analog’ form, an
expert evaluation should be involved in the decision-making process. Still, separate
analysis of multiple analytes could be justified if they represent unrelated chemical
parameters. However, in most common applications (particularly in biomedical
applications), the measured parameters (analyte concentrations) are related and
can be processed in a Boolean logic-based fashion all together. This novel approach
to biosensing can, in fact, leverage biocomputing systems [47]. Implemented in the
correct manner, these systems can logically process several related analytes (‘in-
puts’) by considering their physiological concentrations in the binary format (0,1)
and generate the final output signal (0,1; NO/YES) according to a ‘programmed’
logic routine. In order to be suitable for diagnostic aims, the program should ac-
count for the complex relations between the inputs under analysis. As a simple
example, if two signals should appear simultaneously and result in an unambiguous
conclusion, logic gate AND should be implemented for analysis. More sophisti-
cated logic schemes could be designed for multi-signal analysis. This approach
could be of particular relevance to biomedical applications where the analysis of a
single biomarker would be inconclusive.

Enzyme logic gates have emerged [42, 43, 47| as a promising avenue towards
the realization of intelligent biosensing systems that are able to integrate and
identify patterns in multiple biomarkers, thereby providing a more comprehensive

and accurate assessment of pathophysiological state. As can be inferred from an
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inspection of Fig. 1.5, the overlapping specificity of a number of biomarkers can be
exploited to increase the reliability of the diagnosis through redundancy. The large
dynamic range associated with the transition from physiological to pathological
levels of the biomarkers can also be leveraged in order to lead to the construction
of enzymatic logic gates with digital-like operation.

This dissertation is structured as an examination of the design methodol-
ogy and component-level implementation required to construct practical enzyme
logic-based biocomputing biosensors and thus varies widely in scope. Beginning
from foundational principles — the fundamental properties of mass transport, elec-
trochemistry, and enzymology — the thesis will then direct focus to the simulation
of enzyme logic gates leading towards the optimization of the devices prior to their
implementation on the laboratory benchtop. From there, emphasis will be placed
upon the design and construction of such systems to yield optimal performance and
operational figures of merit. Thorough evaluation of the synthesized devices will be
the subsequent core thrust of the effort, thereby leading to the systems-level imple-
mentation of these gates into utilitarian ‘Sense-Act-Treat’ autonomous biosensing

and drug delivery systems. Inline with the principles of Boolean logic, a decision
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Figure 1.5: Left: Venn diagram illustrating the overlapping specificity of a col-
lection of biomarkers as implicated by injury / trauma. Right: Table outlining the
average levels of selected biomarkers identified in physiological and pathological
serum samples.

threshold will be instituted and the logic gates will be subject to systematic op-
timization such that their operation can be ascribed to a truth table, leading to
high-fidelity unambiguous diagnoses of relevant pathophysiological scenarios. This
methodological approach enables the realization of ‘intelligent’ bioelectronic de-
vices able to respond to immediate physiological changes and provide autonomous
corrective action. Unlike conventional biosensors and biosensor arrays, the new
biocomputing diagnostic system is able to autonomously correlate the patterns
of different clinically-relevant biomarkers according to pre-programmed Boolean
logic operations, hence providing more rapid and reliable diagnoses of acute and
chronic conditions, thereby substantially reducing device complexity via this novel
architectural approach. Indeed, the aim of this dissertation is not to solve complex
combinatorial problems via bio-/molecular computation, but rather to identify var-

ious biological and environmental scenarios in a plethora of relevant applications.
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duced to the electrical domain via electrochemical principles for further processing.
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scenario.
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Chapter 2

Fundamentals of mass transport,

diffusion, and electrochemistry

After you see this approach, you wonder
why nobody thought of it before.

But thats what the best inventions are.
After you see them, they are obvious.

—Robert G. Gallager,
MIT Professor Emeritus in Communications Theory

The development of an understanding of the manner in which engineered
chemical systems behave requires a rigorous excursion into the fundamental phys-
ical phenomena underlying mass transport. Indeed, a model must be delineated
that integrates the mass transport effects observed in ionic solutions including the
flux of ions under the influence of an ionic concentration gradient, electric field,
and /or convective perturbation. To the detriment of this aim, such a model would
invariably lack analytical solutions under relevant scenarios owing to its complex-
ity. However, the sections that follow attempt to derive analytical expressions for
the constituents of mass transport from first principles and we aim to, accord-
ingly, apply the obtained mathematical relations to chemical systems of practical
interest, particularly those in which oxidation-reduction reactions are instigated
via external stimuli. The insights gleaned from this exercise enable us to make the

first steps towards the construction of utilitarian chemical systems that emulate
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their Boolean counterparts in the electronic domain.

2.1 Mass transport

Mass transport underlies nearly all phenomena in chemical systems and is
accordingly of substantial interest in engineered systems. In order to generate a
mathematical model for the movement of a finite mass of generalized substance,
we begin by making the simple observation that the flux of a species ¢ in a liquid
solution is proportional to the gradient of its electrochemical potential ji; through

the relation

More specifically, we can reformulate the above equation by recognizing
that, by the Einstein relation, the constant of proportionality is given by the
relation -C;(7,t)D; (C;,7)/ RT such that we form the flux equation

—C; (7, t) D; (Cy,7)

The species is migrating with velocity v;(7,t) such that we may perturb a

term to the flux equation

RT

We recognize that the definition of the electrochemical potential i; is given

< i (7 t) + Cy (7 t) v (T 1) (2.3)

by

f1; (7, t) = RTIn {Cy (7, 1)} + 2 F¢ (7, ) + pf. (2.4)

Substituting Eq. (2.4) into (2.3) we obtain the Nernst-Planck equation

describing the simultaneous processes of diffusion, migration, and convection

RT
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2.2 Diffusion

We proceed with a lemma to convert Eq. (2.6) to a more convenient form.
We consider that the flux j; (7,t) of a chemical species i from within an arbitrary
volume must equate to the rate of decrease of that species over time contained in

that volume. This statement may be expressed mathematically as

jiji (7. 4)dS = —@Va—f), 2.7)

where 7y () reflects the total amount of species 7 within the volume un-

der consideration. We know that this term can be expressed by integrating the

concentration of species C; (7,t) within the volume element

() = fv (7 1) dV. (2.8)

Invoking Gauss’ Theorem,

finas=¢ vog@nav (2.9
s v
and combining Eqgs. (2.7), (2.8), and (2.10) we obtain

fvji (7,t) dV = —%]fvoi (7, t) dV :]fv [—%@ (7, t)] dv. (2.10)

For an infinitesimally small volume element we have,

- 9C; (1)
ot

which can be rearranged to form the basic expression for the Continuity

Vo Ji (T t) = (2.11)

equation
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oC; (7, 1)
ot
We can synthesize Eq. (2.6) from (2.12),

+v i () =0. (2.12)

aC; (7, 1)
ot

F
7 - | Di (G, 7) 7 G (Ft) + 2

ﬁDz (Cu F) CZ (Fv t) vV ¢ (Fv t) - Cl (F7 t) U4 (F7 t)

(2.13)

Assuming that D;(C;,7) and v;(7,t) are constant in both space and time,

we can recast Eq. (2.8):

ot

ZiF

RT

If we further assume that the solution is quiescent, v; — 0 and

aC; (7 1)
ot

Z,L'F
RT

= D; 72 C; (7, 1) + { D; 7% ¢ (T, t)} v -Ci(7,t). (2.15)

The addition of non-electroactive ions / supporting electrolyte will eliminate
the contribution of migration to the mass transfer of the electroactive species such

that Laplace’s equation may be applied,

Vo (F,t) =0, (2.16)
and therefore Eq. (2.10) becomes the Diffusion equation,
ot

which is the general formulation of Fick’s second law for any geometry.!

We can arrange Eq. (2.17) for convenience

!The determination of the precise diffusion coefficient for the analyte of interest is essential for
accurate solutions to Fick’s second law. For a description on the manner in which these diffusion
coeflicients are predicted, the reader is referred to Appendix A.
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) AU

or, in more compact form,

£{C;} =0, (2.19)
where
£= 9_ D;/? (2.20)
A\ ot Vo '

We recognize that Ficks second law describes a second-order, linear partial
differential equation that is both separable and possesses constant coefficients.

Accordingly, the principle of superposition applies implying that if,

L{Cir} =0 (2.21)

for a particular solution C;j, then we can infer that

£ {Z AZ-JCCZ-JC} (2.22)

for an arbitrary set of independent coefficients A, .
Since the diffusion equation is separable, we can begin by decomposing

C; x(T,t) into two decoupled components:

akmwzﬁ%aga@y (2.23)

If we further assume that the spatial components of C;(7) possess solutions

of the space-harmonic form

C; () = e 957, (2.24)

then we can superpose the solutions C; x (7,t) across all spatial frequencies
k such that we can construct the canonical concentration C;(7,t) profile through

the following Fourier transform relations:
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+oo +oo . .
Ci (7t) = / Ci (7, 1) dE = / i (R.t) e 7rak (2.25)
-~ /. 1 +oo S 1 oo o
; = — . > — o= VLR
A, <k,t> o) /_OO A, (k,t) dr Gn)" /_OO C; (7, t) ™" dr (2.26)

where n refers to the number of dimensions that are being transformed.
Recalling Eq. (2.18), we can begin by performing the temporal derivative of the

particular solution C; x (7',t),

0 720 ~ [

20 (P 1) = e IFT A

orCin (1) = e R, (m) . (2.27)
Performing the laplacian,

Vi (7.1) = ~ KP4, (o) (2.28)
we thus obtain
Y e e
) — — —jk7™ 2 A ) 2 —jkT A —

£{Ci (R} = e T2, (k:t) + D, |k|2eIET A, <kt> 0, (2.29)

or simplifying,

) L\~ -
(& + Dyk| ) A <k;t> —0, (2.30)

which is a first-order, linear partial differential equation with constant co-

efficients that can be solved in a straightforward fashion to yield

A (lZ t) _yry <E 0) e~ DilFPt (2.31)
and the complete concentration profile can be analytically determined from

the Fourier transform relation

Cy (7)t) = / i (/2 0) e~ DilkPt=ik7gf; (2.32)

Given that the analyte of concentrationCy was added at a point-source 7

at t = 0 we can formulate the impulse initial condition:
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Ci (7,0) = CY5 (7 — 7). (2.33)

We can determine the value of A;(k,0) by performing the inverse Fourier

transform with the initial condition above

~ /o 1 oo -
) - = = jk-T 3=
A; (k,O) 2r)" /Oo C; (7,0) "7 dr

0 +00 - 0o .
= —(207:)” / § (7 — 7o) P TR = Ci ek 7o, (2.34)

Thus, we are left with the complete concentration profile,
C [T Dk k) T
Ci (T t) = —=; e IRl 2.35
R (2.35)

In order to evaluate this integral, we can invoke Green’s function and express

the n-dimensional vector k in terms of its components:

CO +OO n - n 7 . -
Ci (’]’_’: t) — (27:)7L / e_Di Zm:l Ikm|2t€_] Zm:l k’m(rm_Tm,O) H dk:m’ (236)
- m=1
1 oo 2 "
C; (7, t) = C? [(2—> / e Pit te—ﬂ’f“—?‘o)dk} : (2.37)
T —00

Performing this integral yields the n-dimensional fundamental solution of

Ficks second law for the impulse initial condition,

— |72

o € Dt

"(4nDit)?

(2.38)

2.3 Electrochemical principles

Provided that this thesis is concerned with the electrical transduction of
chemical concentration gradients via oxidation-reduction reactions in the presence
of applied external stimuli, the mathematical insight gained above may be adapted

to the special case of a hypothetical electrochemical system leading towards the
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development of a time-dependent concentration profile and time-dependent current
response in the presence of an applied voltage step, which is of noteworthy interest
when amperometry is performed.

The fundamental couple for a reversible electrochemical oxidation-reduction

reaction is given by the stoichiometric relation:

CP0 +ne” = CFR, (2.39)

where C¢ and CZ represent the initial concentrations of the oxidized (O)
and reduced (R) chemical species, respectively, and n represents the stoichiometric
number of electrons (e~) that mitigate the reaction.

Basic thermodynamics indicates that the Gibbs free energy of the oxidation-

reduction reaction is given by,

R
AG = AG° + RTIn (go) : (2.40)

)

By definition, since AG=-zF¢ and AG=-zF¢’ we can formulate the

Nernst equation,

RT, (CR
o=0" - (CZ.O) (2.41)
or,
RT, (CE
Mo=g- =T (CZ.O> . (2.42)

This relation can be further generalized to model the time-dependent con-
centration of the electroactive chemical species at the surface of the electrode

(C$(t)) versus the initial bulk concentration (C?°):

RT, (C:(t
A¢ =l < C;J) . (2.43)

Now assume that we apply a potential step at ¢ = 0 such that

Agu(t) =0, t <0, (2.44)
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Aou (t) = Ag, t >0, (2.45)
where u(%) is the unit step function. Thus Eq. (2.43) can be reformulated

to
O3 () = CPOeRTAdult), (2.46)

We can perturb this time-dependent concentration profile to Eq. (2.38),

T A= Tl
(47TDlt) 2

which is the complete formulation (valid for ¢ > 0) for the time-dependent
concentration profile integrating both the diffusive and drift components of mass
transport.

Directing focus at now developing an analytical relation for the temporal
profile of the redox current, we begin by representing the charge ¢ of species ¢ in

terms of the number of moles N of the chemical species as formalized by Faraday,

Since the conversion reaction is typically heterogeneous, we can normalize
the rate of conversion to a more convenient form:
N; (7, t) = AN; (7, t), (2.49)
where N, (7,t) represents the number of moles of chemical species i per unit
area A. As such,

Taking the time derivative of the above equation,

(2.51)
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we recognize that the temporal derivative of the charge on the active chem-

ical species yields the current,

ON; (7,1)

ot
We also recognize that, by continuity, the rate of conversion 8Nf9—(tm) of the

active chemical species i is related to the flux j; (7,t) of this species by the relation,

ot

such that we can recast Eq. (2.52) in terms of the flux,

+ j: (7, t) =0, (2.53)

In the absence of migratory and convective effects and assuming that the

diffusion coefficient is constant, Eq. (2.6) becomes

Ji (1 t) = =D; sy C; (7 t) . (2.55)

Substituting Eq. (2.55) into (2.54) we obtain

As we are interested in the current arising from the oxidation-reduction
reaction at the electrode surface (point of origin), we may simplify subsequent

computations by setting 77 = 7y = 0 such that Eq. (2.56) can be restated as

Taking the spatial derivative of C;(0,t) in Eq. (2.47) we obtain,

b,0 Q%IT:M

and Eq. (2.57) can be represented as:
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zi F
e RT

which represents the generalized current-time profile observed at an elec-

Ag

i; (0,t) = zFAD,C"° : (2.59)

trode under the application of a potential step A¢. In the absence of an applied
potential at the electrode, A¢ = 0 and Eq. (2.59) can be further reduced,

{FAD;C?°
i (0,1) = 2L (2.60)
(47TDlt) 2
and further simplifying to one dimension, we obtain
FAVD,C}’
i (0,8) = = i (2.61)

n/mt

which is known as the generalized, one-dimensional Cottrell equation.

Amperometry is merely one example of a host of electroanalytical tech-
niques that may be employed to ascertain the transport properties of an electroac-
tive species at an electrode transducer. Other techniques include cyclic voltamme-

try,

i; (0,t) = % FAC™ (xD;o)™* x (ot) (2.62)

zi Fu;

where o = i

and y(ot) represents the normalized current lineshape
function characteristic of the redox couple. Similarly, square wave voltammetry is

a frequently used technique,

FAD,CY &N Qi —Q;
i (0, tpy2) = — L5 Qi = G (2.63)
(4mDityp) ™" = V= I
where t,/; refers to half the pulse duration, m is the step index, and
(%’,0)”2 6%(%71*%)
iR
Qj = : (2.64)

1+ (%)1/26%5(%_1_%)



Cyclic Voltammetry Squarewave Voltammetry

Amperometry
ke ke ke
c T T
2 2 S
[¢] 0 0
ﬂ_‘ o ) o .
Time i Time Time
+— R 9 O .‘f\'\ +— O +—
c | N c c
o / o o
o ey 5 5
@] \ | O - @)
O=>R\ R
Potential Potential

Time

Figure 2.1: Various controlled-potential electroanalytical techniques that are typ-

ically utilized to ascertain the transport properties of an electroactive species at
an electrode transducer.
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Chapter 3

Introduction to enzymology and

fundamentals of enzyme kinetics

Any piece of knowledge I acquire today has
a value at the moment exactly proportional
to my skill to deal with it. Tomorrow, when
I know more, I recall that piece of knowledge
and use it better.

—Mark Van Doren,
Professor of English, Columbia University
and Pulitzer Prize-winning poet

A fundamental understanding of the nature, kinetics, and role of enzymes
in the metabolic pathway is imperative as one endeavors to design biocatalytic sys-
tems that emulate Boolean logic gates. Indeed, to harness the unique properties
of enzymes, the reactions that these biomolecules facilitate must be engineered ap-
propriately in order to achieve efficient biocatalysis marked by substantial dynamic

range.

3.1 Role of enzymes in the metabolic pathway

Enzymes are specialized biomolecules possessing intricate (yet highly func-
tional) folded structures that catalyze the interconversion of biochemical entities,

making metabolic reactions, and ultimately life, possible [48]. Without known
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Figure 3.1: Computer-generated structural model of the Thymidine phosphory-
lase enzyme (E.C. 2.4.2.4) illustrating the highly sophisticated tertiary structure.
Image courtesy of the RCSB Protein Data Bank.

exception, enzymes are ubiquitously present in every cell of every living organ-
ism [49]. A subset of proteins, enzymes are comprised of linear polymer chains of
amino acids adjoined by peptide bonds between the carboxyl and amino groups
of adjacent amino acid residues. The precise amino acid sequence of enzymes is
determined by the nucleotide sequence of a gene within the organism’s DNA that
codes for the production of these specialized proteins. Twenty different amino acid
entities comprise the chemical constituents of enzymes, which are defined by both
their unique amino acid sequence and unique folded ‘tertiary’ structure [49].

By definition, enzymes act upon a specific substrate by undergoing a se-
quence of binding steps accompanied by a final catalytic (and subsequent release)
step. It is this ability that often distinguishes enzymes from their protein counter-
parts [48]. A co-factor or co-substrate is often necessary to complete the biocat-
alytic reaction. Common co-factors / co-substrates include nicotinamide adenine

dinucleotide (NAD™) and free oxygen, to name a few.
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Enzyme Catalysis

Catalytic step

—
F+ 5 «— —SEFE+P
—
Substrate binding

Reaction rate

reactants
% leg.c0, +HO

products
H.CO.

#
. o 1000 2000 3000 4000
Reaction coordinate - Substrate concentration

Lower the activation energy Accelerate the formation of products

Figure 3.2: Enzyme-mediated biocatalysis. An enzyme serves to accelerate the
formation of a product by lowering the activation energy required for the chemical
reaction to ensue.

The singular role of enzymes in the metabolic pathway is to lower the acti-
vation energy E4 required for a biochemical reaction to ensue and, in this manner,
enzymes serve to accelerate the formation of products that may be used further
along the metabolic chain [48]. The most crucial component of the sophisticated
enzymatic structure is the active site — the region where substrate / co-factor
binding and catalysis occur — and therefore has been the most widely investigated
constituent of these biomolecules in the context of biocatalysis and enzyme folding.
Although the catalytic and folding mechanisms remain poorly understood, they
are believed to originate from a combination of electrostatic interactions [50] and
quantum tunneling [51].

Enzymes are extremely varied in nature and typically range in size from
several dozen to several thousand amino acid residues [52, 53]. In spite of this
lengthy sequence of amino acid constituents, only about three or four amino acids
actually partake in the biocatalytic reaction, on average [54]. This remarkable

property is further underscored by the astounding efficiency of enzyme-mediated
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biocatalysis, which has been measured to enable as much as a 10*"-fold acceleration
in the rate of the reaction [55]. Not surprisingly, enzymatic activity is highly
influenced not only by the substrate and co-factor concentrations, but also by
environmental parameters such as pH, temperature, and ionic strength, to name

a few.

3.2 Enzyme types and functionalities

Given the plethora of known enzymes, systematic methods must be devel-
oped to attempt to classify (and group) these biomolecules into families for the
sake of simplification. The International Union of Biochemistry and Molecular
Biology has sought to address this need by assembling all known enzymes into six
distinct classes or families, which are further stratified into sub-families for further
specificity [56]. Each family is classified according to the nature of the chemical
reactions that it catalyzes. Moreover, a certain nomenclature for the enzymes
that populate each family is followed, with each entity also assigned a unique ‘En-
zyme Commission’ E.C. number consisting of four numbers. The six basic enzyme

families are delineated in Tab. 3.1.

3.3 Use of an enzyme as a redox mechanism /

electron interchanger

At a very fundamental level, an oxidoreductase enzyme (i.e. from the
1.X.X.X family) can be viewed as an electron interchanger, transfering an electron
from an oxidation reaction to a corresponding reduction reaction via quantum tun-
neling. In this manner, an enzyme can be viewed as a molecular equivalent of a
switch or gate.

The switching properties of enzymes may be leveraged in numerous infor-
mation processing systems where truly molecular-scale processing is required. In
this fashion, the construction of such information processing systems is not limited

by the physical limitations of ‘top-down’ fabrication methodologies. Rather, such
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Figure 3.3: Temporal dependence of the reaction velocity of an enzyme-
biocatalyzed reaction.

devices and systems can be synthesized according to ‘bottom-up’ realizations from
completely organic constituents. Moreover, provided further development in the
genetics and bioinformatics arenas, enzymes can be engineered via suitable gene
sequencing, splicing, and replication technologies and produced in situ in high
quantities in order to catalyze desired chemical and biochemical reactions. In ef-
fect, enzymes that are designed according to this paradigm can be ‘programmed’
to achieve the desired information-processing functionality, hence leading to the
realization of a ‘toolbox’ of information processing embodiments at the molecular

engineer’s disposal.

3.4 Enzyme kinetics

Ever since the kinetic description of enzyme-mediated biocatalysis was for-
malized 100 years ago by Michaelis and Menten [57], efforts in enzymology have
been directed at the development of kinetic models possessing greater accuracy. A
noteworthy development in the field arrived over 50 years ago when King and Alt-
man [58] introduced a graphical representation of enzyme behavior under steady-
state conditions that made the derivation of the rate equations simple provided

the mechanism of biocatalysis was known.
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Although the precise mechanism of enzyme biocatalysis has yet to be fully
understood, these mathematical formulations provide useful insight into the tem-
poral evolution of biocatalytic processes. Take the case of the most simple enzyme-
catalyzed reaction of a single substrate S, which is converted to a product P in

two steps in the presence of an enzyme F:

E+S::1ES’3E+P (3.1)

-1
where £, represents the Rate constant rate constant characterizing the rate
of interconversion of one chemical species to another. We assume time-harmonic

concentrations of the form

[S] = [So] e ™. (3.2)
The velocity of the reaction is thus given by
_d[s] _ d[P]
¢ dt

In the steady-state model we assume that,

= k[So]e™™. (3.3)

[E] = (), + [ES), (3.4)
[S] >> [E] such that [S], ~ [5], (3.5)
d[ES] _ 0 (3.6)

dt ' '

The velocity at which the product is generated is given by,

v = ko [ES] with vyax = ko [E]. (3.7)

The two rate equations for the formation of the enzyme-substrate complex

[ES] may be expressed:

— ki [E],[5],, (3.8)
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d[ES]

- (k_1+ ko) [ES]. (3.9)
Under steady state conditions:
0=k [E], 15, (3.10)
0= (k_1+ ko) [ES]. (3.11)
We are thus left with
Ky [E]f [S]f = (k_1+ ko) [ES]. (3.12)
Rearranging,
El. S
[ES] = L, (3.13)

(k_1 + ko) [y

We can formulate K,,, as follows:

K, = (k-1 + k2) /K. (3.14)

Substituting Eq. (3.14) into (3.13),
[E], [5];
K,

Since the depletion of the substrate is insignificant during the steady-state

[ES] = (3.15)

phase [S] = [Sf] and the free enzyme concentration is given by [Ef] = [E] - [ES].
With these relations, we can recast Eq. (3.15),
([E] - [ESD[S] _ _[E]1S]
ES] = = : 3.16
[ES] i St K, (3.16)
We recall that the velocity of the reaction is given by:

ks [E] [S]
[S]+ K

Recalling that vy ax = ko[E], we can recast the above relation to obtain

v=Fky[ES] = (3.17)
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Figure 3.4: Michaelis-Menten saturation plot for a hypothetical enzyme of varying
concentration.

v = %—Xl[fi (3.18)

The saturation plot of a hypothetical enzyme with behavior in accordance

with the kinetic description of Eq. (3.18) is provided in Fig. 3.4 for several varying

enzyme concentrations.

3.5 Similarities between electronic and biocat-
alytic systems

Upon a casual inspection of Fig. 3.4, one will notice that an enzyme obeying
Michaelis-Menten kinetics possesses a similar transfer characteristic as a metal-
oxide-semiconductor field-effect transistor (MOSFET). By controlling the enzyme
[E] and substrate [S] concentrations, we can emulate the cut-off, linear, and sat-
uration modes of operation of a MOSFET, the current mainstay of electronic
technology. This analog is further corroborated in a comparison between the two
switching paradigms, which is provided in Figs. 3.5 and 3.6. Curiously enough,
the similarities can also be extended to other enzymatic entities that can imitate
higher-order circuit functionality such as a CMOS inverter (Fig. 3.7), which serves

as the foundational component of today’s semiconductor industry.
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Figure 3.5: Comparison between the transfer characteristics of a wide-channel
silicon nMOSFET and a hypothetical enzyme.
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C¢Hq,04 + H,O + O, = C(H,,0; + H,0,

Figure 3.6: Comparison between the behavior of an nMOSFET and glucose
oxidase (E.C. 1.1.3.4).
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Figure 3.7: Comparison between the behavior of a CMOS inverter and glu-
tathione peroxidase (E.C. 1.11.1.9).

3.6 A graph theory approach to enzyme kinetics

Here we propose the use of graph theory in an attempt to further augment
the accuracy of the rate equation formulation of enzyme-mediated biocatalysis.
This work extends the models established by King and Altman [57] and leverages
the ordered substrate/co-substrate binding with the reversibility observed in most
enzyme-biocatalyzed reactions considered in this thesis.

We begin by taking the case of a reversible enzyme (£) with ordered binding
of the substrate / product (A and B) and co-substrate / co-product (Y and Z),
which can be modeled according to the kinetic formulation of Michaelis, Menten,

and Henri [57],

kl k3 k5 k7 k9
EFE+B+Z=FEB+Z=FEBZ=FAY=FA+Y=FE+A+Y (3.19)
ko ks ke ks k10

where £, denotes the kinetic (rate) constant of the conversion between one

enzyme complex and another. We can formulate a closed geometric pattern to
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Figure 3.8: King-Altman diagram describing the steps involved in a reversible,
ordered biocatalytic reaction mediated by an enzyme biocatalyst.

describe this system in connection with the graph theory approach to enzyme
kinetics as originated by King and Altman [58], shown in Fig. 3.8.

From an inspection of the above figure, the time-dependent rate equations
describing the formation of an enzyme-factor complex EX; at a particular node in

the graph will take the form

al o d_ Y kg [EX]+ ) ki[EX)), (3.20)
i=1,i#j j=1,j#i

where [EX;] and [EX;] denote the time-dependent concentrations of the

enzyme containing species under consideration FX; and extraneous enzyme con-
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taining species FX;, respectively. k;; and kj; represent the kinetic constant of the

conversion from EX; to FX; and from EX; to EX;, respectively.

The coupled non-stead-state (transient) equations with substrate depletion

can thus be formulated from the above figure,

o14] _
o = ko [EA] — ki [A] [E]
0[B] _
5 =k [BIE]+k [EB)
% — Iy [BAY] — ks [Y] [EA]
% = —k3 [Z] [EB] + k4 [EBZ]
O] 1 (B (B) + ko [EB) + ko [EA] — Fo [ 4] [F]
ot
9 [aEtA] = k7 [EAY] — ks [EA] [Y] — ko [EA] + k1o [E] [A]
0 [53] =k [E][B] — ko [EB] — k3 [EB] [Z] + k4 [EBZ]
0 [%an — ks [EBZ] — k¢ [EAY] — ky [EAY] + ks [EA] [Y]
8[252] = k3 |[EB||Z] — k4 |[EBZ] — ks [EBZ] + k¢ [EAY ]

or, in matrix form,

(3.21)
(3.22)
(3.23)
(3.24)
(3.25)
(3.26)
(3.27)
(3.28)

(3.29)



A
B
Y
Z
E =
EA
EB
EAY
EBZ |
[ o 0
— [B][E] [EB]
0 0
0 0
— [B][E] [EB]
0 0
[E][B] — [EB]
0 0

0

0 0

0 0

0 0
~[Z][EB]  [BBZ]

0 0

0 0
~[BB|[Z] [BBZ]

0 0

(EB] (2] - [EBZ]

o O O ©O © O

0

[EBZ]
— [EBZ]

o O O O O O O

— [EAY]
[EAY]

0
0
[EAY]
0
0
[EAY]
0
— [EAY)
0

0

0
—[Y][EA]

0

0
—[EA][Y]

0

[EA][Y]
0
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k1
k2
k3
ka
el (3.30)
6

k7
kg
kg
k10

Solving the above set of coupled, first-order linear, inhomogeneous partial

mathematical description is justified.

differential equations will yield the concentration-time profile of any unique chem-
ical entity or intermediate partaking in the above reaction. In order to formulate a
more comprehensive picture of the physical mechanisms that underlie the behavior
of enzymatic reactions in the presence of freely diffusing chemical species, we must

perturb the natural process of diffusion to our model. Therefore, a more rigorous



Chapter 4

Integrative picture:
Heterogeneous enzyme kinetics,

mass transport, and diffusion

A goal without a plan is just a wish.

—Antoine de Saint Exupéry,
Writer, Poet, Aviator

Equipped with a detailed understanding of the kinetic properties of an en-
zyme, the synthesis of a generalized description of the diffusio-kinetic behavior of
a biosensor device may be formulated in connection with how such effects manifest
an electrochemical redox current arising at a polarized electrode interface. With
a set of coupled differential equations formalized, the current-time response of an
enzymatic electrochemical biosensor may be predicted prior to lab-bench imple-
mentation via a computer-based model, hence dramatically reducing optimization

time and effort required on behalf of the experimentalist.

43
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4.1 General formulation of the unified kinetic-

diffusion equation

Proceeding to the generalized formulation of the Unified kinetic-diffusion
equation, we realize that, in abstraction, our approach to deriving a wholistic
description of enzymatic behavior can be envisioned as perturbation to the spa-

tiotemporal concentration profile of the analyte under consideration C;(7't):

aC; (7, 1)
ot

or, in the formalism introduced earlier,

= (Dif fusion) + (Kinetics) , (4.1)

aC; (7.t } - -
OO _prarn - Y mylBX]+ Y melBX).  (42)
i=1,i#j J=157#i

The coupled equations introduced above can now be recast to contain dif-

fusive terms:

% = DA V2 [A] + ko [EA] — k1o [A] [E] (4.3)

ﬂf] — Dy /2 [B] — k1 |B] [E] + k2 [EB] (4.4)

O] Dy 1Y)+ ke (BAY] s Y] (B4 (45)

P2 _ b, " 12~ k(2] [EB] + b [EBZ] (4.6)

% — D P2 [E] — ki [B][E] + ks [EB] + ko [EA] — ko [A] [E] (4.7)

0 [gtA] — Dioa 72 [BA] + by [EAY] — ks [BA][Y] — ko [EA] + kyo [E] [A] (4.8)

OB Doy 2 (B8] + W [E) (8] — ke [EB) — s [EB][2) + k4 [EBZ) (49)
9 [E(j;fy] — Dpay V2 [EAY] + ks [EBZ] — kg [EAY] — ke [EAY] + ks [EA] [Y]

(4.10)

0 [gfz] = Dppy V2 [EBZ) + k3 |[EB|[Z) — k4 [EBZ] — ks |[EBZ] + ke [EAY].

(4.11)
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Figure 4.1: King-Altman diagram incorporating both diffusion and kinetic effects.



46

In more compact notation, we can form the generalized solution,

ac, (1) & ) n IRE )
{ o PIRIEAGHENS ﬁjiCi(r,t)}—:v%i(r,t), (4.12)

L~ e~ D;
i=1,i#] J=1,j#i

dC; (7,1) 2 - . . . 1
{T —D; 7 Ci (7, 1) + Z ki Ci (T, 1) — Z K;iCi (7’7t)} 7 =0

g L D
i=1,i#j J=1,j#1
(4.13)

The construction of analytical solutions to the above set of equations is
not feasible. Instead of resorting to the derivation of complex solutions to these
equations, we will choose to a construct a numerical computer model in order to
reduce the relations to simple algebraic expressions that can easily be programmed
and evaluated by a computer. This can be accomplished through the method of
finite differences.

We must bear in mind, though, that A and B could be electroactive species,
which can be oxidized / reduced via the application of a suitable redox potential,
and thus they can be regenerated without the aid of enzyme-arbitrated biocatalytic

reactions. Accounting for heterogeneous kinetics:

ky
A+e = B (4.14)
b

where the forward and backward rate constants ks and k, may be expressed

as:

ki = koe (4.15)
ky = kel (4.16)
with 0 = nl;%cb and a ~ 0.5 for perfectly reversible reactions. We can

thus formulate the rate equations for both A and B that account for diffusion,

homogeneous kinetics, and heterogeneous kinetics:

% = Da° [A] + ko [EA] — kio [A] [E] — ks [A] + Ky [B], (4.17)
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0B
Practically speaking, both electrochemical kinetics and catalysis proceed
at a very rapid pace, so the chemical system is typically limited only by mass

transport through diffusion.!

4.2 Biosensor simulations

As mentioned earlier, the generation of closed-form analytical solutions to
the relations introduced in previous sections represents a formidable, if not impos-
sible, task. Accordingly, we must resort to the development of computer models
to solve these relations numerically. Positioned with a model that integrates most
physical-level perturbations that are expected to influence an enzyme-biocatalyzed
reaction that is transduced in the electrochemical domain, we may assemble soft-
ware routines that aim at predicting the response of a given biosensor system.

The first step in the construction of a biosensor simulator involves the def-
inition of the precise boundary conditions, as delineated in Fig. 4.2, as well as the
environmental parameters such as pH, temperature, and diffusion coefficients, to
name a few. These quantities are employed as inputs into the appropriate main
modules of the simulator - the diffusion solver, the kinetics solver, the immobiliza-
tion solver, and the electrochemical solver. Each module attempts to deconstruct
the complex cascade of electro-/chemical conversions into individual components
that can be described by unique, decoupled relations, hence mitigating the com-
plexity of the plethora of physical phenomena under investigation. This approach
entails that the relations in each constituent module are solved and then perturbed
to the next module, which is then solved before progressing to any subsequent
models. This process may be iterated until all steps are complete and the de-

sired precision has been achieved. The final result of this exercise would reside

LA more precise model for enzyme-mediated catalysis would account for the effect of pH,
temperature, and ionic strength. For a more detailed description of the unique contributions of
these physical parameters, the reader is referred to Appendix B, C, and D.
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Figure 4.2: Block-level architecture of the biosensor simulator engine delineating
the modules that comprise the model.

in the generation of a time-current profile that may be optimized prior to the
implementation of such systems on the lab bench, hence saving the experimental-
ist a substantial amount of time and effort in their pursuit of optimal biosensor

performance.
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Printed electrodes and simple

€IriZyrne assays

The most exciting phrase to hear in science,
the one that heralds the most discoveries,

is not “Burekal!” (I found it!)

but “That’s funny...”

—Isaac Asimov

The cornerstone of electrochemical sensing resides in the implementation
of an electrode transducer exhibiting some enhanced chemical affinity towards the
compound(s) that are under transduction. Indeed, the transducer serves as the
critical junction between reaction-based information manifested through concen-
tration gradients and a redox current. This principle, in turn, leverages chemical
oxidation and reduction reactions occurring at the electrode interface that give
rise to an electron flux between oxidized and reduced chemical species. These re-
actions may either be electrolytic or galvanic in nature (discussed in further detail
in the following chapters) and can facilitate the presentation of useful insight into
the diffusive, convective, electromigrative, and/or kinetic properties of the sys-
tem under investigation. Advantageously, much knowledge has been gathered over
the past several decades regarding the rational design of the electrode transducer,
both chemically and geometrically, in order to enhance its sensing capabilities and

versatility.
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A highly promising electrode transducer design methodology is introduced
in the following sections and is then extended to the detection of simple enzyme
biomarkers. The effect of chemo-/physical parameters is illustrated, underscoring

the relevance of proper parametric optimization of the enzymatic system.

5.1 Screen printed electrodes

In order to mitigate the limitations encountered with solid-state electrodes,
screen printed electrochemical sensors have been leveraged by the glucose monitor-
ing [10], medical diagnostics [59, 60], environmental monitoring [61, 62], and ana-
lytical domains [63] for over three decades. Owing to the ease at which these print-
able sensing devices can be fabricated at an industrial scale, as well as their intrinsi-
cally low cost, robustness, and attractive electroanalytical performance [64, 65, 66],
screen printed electrodes (SPEs) have proliferated in use. Moreover, the versatility
of modern thick-film fabrication techniques enable the realization of different elec-
trode geometries that can be designed to satisfy the requirements of the particular
application at hand. Furthermore and more crucially, the inks that are employed
in the screen printing process may be modified as necessary in order to impart
selective chemical functionality [67] or improved catalytic behavior [68].

The fabrication of ceramic-based SPE sensors is detailed as follows. The
fabrication of such sensors can easily be extended to plastic- (i.e. PET, PTFE,
Kapton) and textile-based (i.e. cotton, nylon) substrates, as will be considered
in further detail in subsequent chapters. Firstly, a design is implemented in
AutoCAD® (Autodesk, San Rafael, CA) and the geometry of the electrode con-
tingent is optimized per the unique specifications of the application at hand via
numerically solving the mass transfer relations presented in the previous chap-
ter. The design is then outsourced for fabrication on laser-cut stainless steel or
chemically-etched polymeric mesh-screen stencils (Metal Etch Services, San Mar-
cos, CA). Contingent upon the complexity of the design, the number of stencils
required will vary, however, a three-layer design is the most common and consists

of a conductive underlayer, a semi-conductive active layer, and an insulator layer.
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Figure 5.1: AutoCAD®_rendered array of 30 two-electrode sensors for fabrication
on through-hole or mesh-screen stencils. The layers are detailed as follows: grey
(bottom conductive layer), black (interstitial active layer), and blue (top insulator
layer).
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Screen Printing

Conductor Active Insulator
Layer Layer Layer

Figure 5.2: Screen printing protocol detailing the steps and components required
to fabricate an array of 3-electrode screen printed electrodes.

Upon receipt of the framed stencil set, the operator programs a semi-automatic
thick-film screen printer (Speedline Technologies MPM SPM, Franklin, MA) in
order to adjust the height and stroke of the embedded squeegees to yield optimal
pattern transfer quality.

Once the printing parameters are optimized, a laser-scribed alumina sub-
strate (CoorsTek Inc., Golden, CO) is secured on the substrate platform. An
Ag/AgCl-based ink is firstly employed to define the conductive underlayer as well as
the reference electrode and patterned directly onto the substrate. Next, a carbon-
or metal-based ink containing any associated catalytic or biocatalytic functional-
ity is then overlaid on the conductor to define the working and counter electrode
geometry. Finally, an insulator ink is overlaid on the Ag/AgCl and carbon layers
to insulate all but the contact pads and the upper segment of the electrodes.

Subsequent to each printing routine, the patterned substrate is annealed
in a temperature-controlled convection oven (SalvisLab Thermocenter, Rotkreuz,
Switzerland) at 120° C for 20 min in order to evaporate the volatile-phase solvent
such that the solids content and binder solely constitute the electrode matrix. The

substrate is then cleaved into individual test strips for single use and possess over-
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Figure 5.3: Photographic image of a semi-automatic thick-film screen printer
employed for the fabrication of screen printed electrodes. An exemplary stencil
pattern (and application of an insulative ink) is shown in the inset.

all dimensions of (typically) 5 mm x 34 mm, and can accommodate 30 L sample
volumes. Each screen printed three-electrode strip typically consists of a circular
carbon working electrode (geometrical area: 3 mm?) inscribed in a hemispherical
counter (area: 10 mm?) and reference electrode (area: 2 mm?). Post-annealing
electrochemical activation of the active material may be performed via repetitive
cyclic voltammograms or extended duration amperometry. Cyclic voltammetry
may also be executed in a sulfuric acid solution of moderate strength in order to
electrochemically clean the electrode surface and attenuate any impurities that may
interfere with measurements. Electrochemical deposition of conducting polymers
(i.e. poly(pyrrole), poly(aniline)) or plating of metal catalysts (i.e. palladium, plat-
inum, gold) may also be executed to functionalize / prepare the electrode surface
for enhanced detection. Dry reagents, electroactive mediators, and/or permselec-
tive membranes may then be dispensed on the surface to achieve pH adjustment,
reduce the overpotential required to excite the electroactive analyte of interest,

and/or reject potential interfering compounds. Scanning electron microscopy can
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Figure 5.4: Various design iterations of screen printed electrodes on rigid and

flexible substrates.
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Figure 5.5: Exemplary screen printed electrodes on flexible substrates for elec-
trochemical biosensing. Left pane: 4-electrode micro-electrode array on PET for
dopamine monitoring; top right pane: 3-electrode sensor on Kapton for insertion
as a punctal plug into the lacrimal duct; bottom right pane: 3-electrode sensors
on PE'T for epidermal monitoring.

also be employed to characterize the electrode surface.

5.2 Stamp transfer electrodes for electrochemi-
cal sensing on non-planar and oversized sur-

faces

Despite the attractive merits of screen printed electrodes (SPEs), one note-
worthy limitation of the screen printing fabrication methodology resides in its
incompatibility with non-planar and oversized substrates. Indeed, screen printing
has largely been confined to flat surfaces, which may restrict the potential utility
of the method in the electrochemical sensors and biosensors fields. Recognizing
this limitation as a fabrication challenge, printing electrochemical sensors on non-

planar substrates would require an alternative fabrication strategy that is able to
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Figure 5.6: Illustration detailing the steps involved in the stamp-transfer prepara-
tion of a common electrode pattern using elastomeric stamps with custom-designed

surface reliefs containing the electrode pattern (top): (A) Ag/AgCl conductor
layer, (B) carbon active layer, and (C) insulator layer.

conform with the ‘three-dimensional’ features and surface irregularities that are
characteristic of a wide array of substrate geometries and materials.

The formation of a versatile alternative to SPEs has been developed in
order to impart electrochemical sensing abilities on a wide variety of rigid and
flexible substrates. This simple, low cost, yet robust methodology is demonstrated
to be well-suited for the formation of electrochemical sensors on non-planar sub-
strates and large objects / structures, which have traditionally been off-limits to
conventional screen printing techniques. Herein referred to as stamp transfer elec-
trodes (STEs), this alternative to conventional SPEs exhibits similar analytical
merits while addressing their limitations. Using a pattern-transfer technique, vari-
ous conductive and insulating inks are applied to a sequence of elastomeric stamps
with custom-designed surface reliefs containing the electrode pattern (Fig. 5.6) and
directly applied to the substrate of interest in a fashion analogous to common soft-
lithographic nanofabrication techniques [69, 70, 71]. In this manner, a complete
layered electrochemical sensor contingent is transferred, hence leading to sensing

devices that are highly compatible with irregular substrates (e.g. skin) possess-
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ing diverse surface morphologies, without compromising the structural integrity
of the pattern. As an illustration of the versatility of the fabrication technique,
investigations to follow have demonstrated the ease at which complete electro-
chemical sensor patterns are transferred onto large structures (i.e. the side of a
building), and three dimensional / curvilinear objects, such as balls and leaves, as
well as conventional planar substrates, such as alumina. The concept is demon-
strated towards the voltammetric detection of physiologically-relevant compounds
(dopamine - DA, ascorbic acid - AA, acetaminophen - ACT) as well as compounds
which are of substantial interest to the security and forensics community including
residues originating from the discharge of ammunition (copper) and the handling of
munitions and explosives (TNT). Further extending this unique concept to prac-
tical surfaces that are inaccessible with conventional SPEs, STEs are patterned
on the skin and employed for the quantification of increasing levels of uric acid.
Using this approach, the as-prepared sensors exhibit appealing electrochemical
performance approaching that of their screen-printed counterparts. This simple
and robust approach can enable the formation of ink-based printable electrodes on
non-planar and oversized surfaces that are not compatible with standard screen
printing protocols. The migration of printable electrochemical sensors to non-
conventional (non-planar and/or oversized) surfaces provides new opportunities
within the personal healthcare, fitness, forensics, homeland security and environ-
mental monitoring domains.

An Ag/AgCl conductive ink and a graphite ink were diluted in isophorone
in a 80 : 20 and 50 : 50 (ink : solvent w/w%) ratio, respectively, to reduce their
intrinsic viscosity. The dielectric insulator ink was employed, but was not diluted.
The sensor patterns were initially designed in AutoCAD and converted to bitmap
files for fabrication on elastomeric rubber stamps (Simons Stamps, Turners Falls,
MA). A separate stamp pattern was created for each layer (carbon, Ag/AgCl,
insulator). Stamping pads were saturated with the appropriate inks and used for
ink transfer.

In order to implement the STE, a custom-designed elastomeric stamp was

firstly applied to a stamping pad saturated with a diluted Ag/AgCl-based ink and
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Figure 5.7: (A) Three eight-electrode carbon ink-based arrays stamped on the
epidermis for biosensing operation. (B) Eight-electrode array on a nitrile glove.
Inset shows the array under flexion of the glove. (C) Three-electrode contingent
on a disposable paper cup. (D) Three-electrode contingent on a Neoprene®) stress
ball. Inset illustrates the resiliency of the electrochemical sensor upon compression
of the stress ball. (E,F) Images of three-electrode contingent on a maple leaf and
a granite slab, respectively.
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then gently depressed against the substrate of interest, hence forming a conduc-
tive underlayer and reference electrode (illustrated in Fig. 5.6A). The process was
subsequently repeated with a separate stamp design and diluted carbon-based ink
to form the working and counter electrodes (Fig. 5.6B). Finally, as displayed in
Fig. 5.6C, an insulator ink was applied using the same technique to define the
active electrode geometry.

In order to interface the STEs with an electrochemical analyzer, a similar
protocol to that described in the literature was followed [72, 73]. Namely, the
pressure-contact method was implemented, whereby lead wires were applied to the
contact pads of the STE via a tape-based adhesive, hence facilitating the interface
with the electrochemical analyzer.

Epidermal STEs were realized using a similar procedure, although the ink
was not diluted with isophorone in order to maintain suitable viscosity for epider-
mal transfer. Interface of the sensor with an electrochemical analyzer was realized
with an elastic wristband containing screen-printed conductive contacts. In or-
der to remove the sensor, a cotton ball saturated with rubbing alcohol was gently
scrubbed over the surface of the electrode contingent. Exposure to the skin-based
STE was minimized and proper conformance with the relevant safety protocols was
maintained at all times. Although Ag/AgCl has been used in in vivo applications,
including implantable biosensors [74, 75] and EEG / EKG adhesive dermal patch
electrodes [76], prolonged exposure to the skin is not recommended. Alternatively,
pure carbon STEs, as illustrated in Fig. 5.7A, may be employed as substitutes
for Ag/AgCl-containing STEs in order to mitigate the wearers exposure to silver
chloride.

Initial efforts endeavored at investigating the transfer of the stamped pat-
terns onto a variety of nonconventional non-planar and curvilinear substrates.
Fig. 5.7A illustrates three eight-electrode carbon-based arrays stamped on the fore-
arm for monitoring the wearers perspiration and / or surrounding environment.
Fig. 5.7B exemplifies the same design (containing a conductive Ag/AgCl underlayer
and reference electrode) imprinted on a nitrile glove, with the inset of the figure

illustrating the resiliency of the STE sensor under flexion of the hand. Minimal
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Figure 5.8: (A) Image of stamp-transfer three-electrode contingent on alumina.
(B) Image of stamp-transfer eight-electrode array on GORE-TEX®) fabric. Close-
up images of a single three-electrode element (C) and eight-electrode sensor array
(D) on the alumina and GORE-TEX substrates, respectively, illustrating the well-
defined borders and uniform surface morphology.
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deterioration of the stamped electrode pattern is observed following the applica-
tion of various strain permutations, hence demonstrating the robustness of the
stamp-transfer electrochemical system. Fig. 5.7C displays a three-electrode STE
contingent on a paper cup while Fig. 2D shows the same STE system on a Neo-
prene stress ball; the inset of Fig. 5.7D epitomizes the resiliency of the electrodes
even under severe compression. In order to realize sensors for remote environmen-
tal / security monitoring, a maple leaf (Fig. 5.7E) and granite slab (Fig. 5.7F)
were patterned with the three-electrode contingent. As is evident from the images
exhibited in Fig. 5.7, high-quality transfer of the electrode patterns onto various
curvilinear, irregular, and oversized surfaces is achieved. As a consequence of the
versatility of the transfer process and the ability of the elastomeric stamps to con-
form with uneven surfaces, well-defined electrode patterns are easily transferred to
nearly any substrate.

Following optimization and demonstration of the stamp transfer process
on non-planar substrates, the technique was migrated to planar substrates that
have traditionally been used in the screen printing process. Fig. 5.8 illustrates
several configurations of the stamped pattern on planar surfaces. Displayed in
Fig. 5.8A is a pair of complete three-electrode electrochemical sensors stamped
on an alumina substrate. Likewise, Fig. 5.8B presents 15 individually-addressable
eight-electrode sensor arrays for multiplexed sensing operation on GORE-TEX
fabric. Fig. 5.8C depicts a single three-electrode sensor in greater detail and is
illustrative of the high-quality pattern transfer onto the substrate. Additionally,
Fig. 5.8D displays a close-up image of a single exemplary eight-electrode array,
illustrating that the structural integrity of the transferred pattern is maintained.
The transferred pattern thus possesses uniform surface roughness, thickness, and
coverage. Furthermore, line widening is not observed and the line edges are sharp
and well-defined. Desirable electrode-to-electrode reproducibility is obtained as
indicated from subsequent voltammetric measurements (described below).

Subsequent to a qualitative assessment and imaging of the STE sensors on
various substrates, the electrochemical behavior of these devices was investigated

in further detail. Fig. 5.9 compares the cyclic voltammetric response of the stamp-
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Figure 5.9: Comparison between the voltammetric response of conventional
screen printed electrodes on alumina (A) with stamp-transfer electrodes on alu-
mina (B) and with stamp-transfer electrodes on a table tennis ball (C); scan rate =
100 mV s, (i) 1 mM dopamine, (i) 1 mM uric acid, (iii) 1 mM acetaminophen.
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transfer three-electrode contingent (working electrode area = 8.3 mm?) on alumina
substrates (B) and on a highly curvilinear table tennis ball surface (C) with that
of a conventional SPE (area = 4.9 mm?) on alumina (A). Three physiologically-
relevant electroactive compounds were studied: dopamine (i), uric acid (ii) and
acetaminophen (iii). The stamp transfer electrodes display well-defined oxidation
peaks for all three analytes, similar to those observed at the conventional SPE (B,C
vs A). Tab. 5.1 compares the peak potentials (E,), initial potentials (F;), peak
currents (,), heterogeneous rate constants (k;), and signal-to-noise ratios (SNR)
produced by the SPE and STE embodiments for the three analytes under study.
The heterogeneous rate constants ks, were interpolated from the experimental data

using the Butler-Volmer relation [66],

. . 1w -1
b = 22 [Coe T (508 e (5rr)] (5.1)

where F' is Faraday’s constant, A is the electrode area (stated above), Cp
and C§ refer to the concentrations of the oxidized and reduced species, respectively,
a refers to the transfer coefficient, R is the ideal gas constant, T is the absolute
temperature (in Kelvin), and E° represents the formal potential of the electrode.
Under scenarios where the electrode is operated at a potential in the vicinity of E°
and the concentration of the oxidized species exceeds that of the reduced species
by a substantial margin, the following simplification to the above relation may be

made:

_
ks = FACy: (5.2)

This approximation can also be applied to the converse scenario where the
concentration of the reduced species far exceeds that of the oxidized form.

The similar voltammetric profiles and related peak parameters indicate that
the electrochemical behavior is not compromised by the stamp transfer process
nor by non-planar surfaces. As expected, this behavior depends primarily on the
composition of the inks employed [77] and curing conditions [78].

The detection of heavy metals such as copper is of great relevance to the se-

curity [79] and environmental [80] monitoring domains. A widespread constituent
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Table 5.1: Comparison between the analytical figures of merit exhibited by stamp
transfer electrodes and screen printed electrodes on alumina substrates. E; indi-
cates the ‘initial’ potential at which the current response for the electroactive
species exceeds the baseline by a factor of 10.

DA UA ACT

SPE STE | SPE STE | SPE STE
E, (V) 0.28 0.27 | 0.28 0.39 | 0.27 0.32
E; (mV) -63 -24 | 124 156 | 143 132
i, (LA) 239 228|234 221|246 415
ky (x103 ecms™) | 5.0 4.0 | 49 28 | 52 52
SNR (dB) 26.2 21.6 | 33.0 29.0 | 23.3 23.3
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Figure 5.10: (A) Square wave anodic stripping voltammograms generated by
increasing levels of Cut (a — f: 0 to 100 ppm) on alumina; f = 20 Hz, A = 25 mV,
AE =4 mV, tg, = 15 s at -0.8 V vs Ag/AgCl. The corresponding calibration
curve (n = 7) is illustrated in the inset. (B) Repeatability of the detection of 60
ppm Cu™ for seven different STEs. The inset displays the corresponding electrode-
to-electrode uniformity profile based on measurements of the corresponding peak

currents.
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of gunshot residue and antifouling paints, copper is of considerable interest to the
forensics and naval communities [81]. Consequently, square wave anodic stripping
voltammetry (SWASV) was performed in order to assess the electrochemical per-
formance of the STE system. Following a surface cleaning routine, deposition was
performed by placing 50 pL of the Cu solution on the electrode surface and apply-
ing a potential of -0.8 V (vs Ag/AgCl) for 15 s; stripping of the electrodeposited
copper was executed by scanning the potential from -0.6 V to 0.5 V via SWASV.
Fig. 5.10A displays stripping voltammograms for increasing Cu concentrations (b
— f), along with the corresponding background response (a). Well-defined Cu
stripping peak currents (E, = -60 mV vs Ag/AgCl) are observed, along with a low
background response. As indicated from the corresponding inset, the peak current
increases linearly with the Cu concentration over this range (sensitivity, s, = 1.435
pA ppm~!; R? = 0.992). The favorable signal-to-noise characteristics is indicative
of facile measurement of ppm levels of Cu following a short (i.e. 15 sec) deposi-
tion time. The SWASV response of the STE also exhibits good reproducibility
and stability. Fig. 5.10B displays a series of 7 repetitive measurement of 60 ppm
Cu that yielded a relative standard deviation of 5%, inline with results obtained
from previous studies employing conventional screen-printed electrodes [72]. It is
expected that the STE approach can be leveraged for the stripping-voltammetric
detection of other trace metal constituents in diverse sample matrices.
Trinitrotoluene is frequently employed in the military as well as impro-
vised explosive devices, roadside bombs, and mines and its identification is of
considerable importance in for diverse security screening applications [82]. Con-
sequently, the electrochemical performance of the STE was evaluated towards the
voltammetric determination of TNT. As illustrated in Fig. 5.11, the STE displays
a well-defined response for increasing TNT concentrations (20 - 60 ppm; a - ¢),
which is in correspondence with other carbon electrodes [81]. Both reduction peaks
(occurring at E, = -0.71 V and -0.89 V vs Ag/AgCl) increase linearly with the
TNT concentration. A highly linear calibration plot is observed in the left inset
of Fig. 5.11 over the 20 — 100 ppm TNT concentration range (s, = 139 uA / (ug
mL™1); R? = 0.994), reflecting the high sensitivity of the voltammetric STE system
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Figure 5.11: Square wave voltammograms generated by increasing levels of TN'T:
20 — 60 ug mL™' (a-c), along with the background voltammogram (dotted line).
A calibration curve (n = 7) for TNT is shown in the left inset. Repeatability of
the detection of 60 ug mL~' TNT for seven different STEs is displayed in the right
inset. Other conditions, as in Fig. 5.10.
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Figure 5.12: (A) Image of the stamp-transfer three-electrode contingent on the
skin. (B) Cyclic voltammograms generated by increasing levels of uric acid on the
skin (0 — 10 mM; a - f); scan rate, 100 mV s™!; inset illustrates the corresponding
calibration curve (n = 7). (C) Repeatability of the detection of 10 mM uric acid
for seven consecutive iterations (inset illustrates the corresponding stability profile
at Eapp = 0.6 V vs Ag/AgCl).

under rapid SWV scans. Also shown in Fig. 5.11 (right inset) is the electrode-to-
electrode precision data. Employing a 60 ppm TNT solution and 7 different STEs,
this series yields similar TNT signals with a relative standard deviation of 9% with
respect to the peak current. Although this figure is somewhat higher than those
common for conventional SPEs [83], it is expected that further improvements and
automation of the stamp-transfer fabrication process will serve to further improve
the precision while leading to higher throughput.

In order to demonstrate the versatility of the fabrication methodology,
stamp transfer electrodes were applied to the skin. Fig. 5.12A displays a common
3-electrode pattern on the epidermis prepared by stamping the forearm. Simi-
lar to the skin-based carbon STE arrays (of Fig. 5.7A), the epidermal 3-electrode
pattern retains its structural integrity under mechanical strain as well as displays
uniform coverage and well-defined lines and line edges. As illustrated below, the
epidermal STE displays favorable voltammetric behavior and is highly resistant
against common forms of mechanical strain expected on the epidermis. The elec-
trochemical behavior of the epidermal STE was evaluated by employing uric acid
as the model analyte. Uric acid is a common constituent in physiological fluids

and a crucial component of the purine metabolism [84]. Fig. 5.12B displays cyclic
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Figure 5.13: Effect of various strain permutations on the resistance of a 1-cm
Ag/AgCl electrode trace.

voltammograms for increasing UA levels on the skin (2 — 10 mM; b - f) along
with the background voltammogram (a). A well-defined voltammetric response is
observed. As can be inferred from the inset of Fig. 5.12B, a highly linear calibra-
tion is obtained (R? = 0.998, n = 7) along with appreciable sensitivity (s, = 0.971
pA mM~1). A precision study using 6 mM UA at the epidermal STE (shown in
Fig. 5.12C) demonstrates that the epidermal electrochemical sensor can achieve a
relative standard deviation lower than 4% among repetitive measurements.
Following the voltammetric characterization of the transferred patterns on
the skin, a methodical electrical characterization of the sensors was performed in
order to ascertain the performance of the devices under repeated mechanical strain,
deformation, and chemical degradation. Consequently, a detailed investigation of
the resistance of a 1 cm segment of the epidermal Ag/AgCl electrode trace was per-

formed under various mechanical and chemical influences. For example, Fig. 5.13
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shows resistance measurements obtained in connection to 100 iterations of pinch-
ing (tyinen = 5 8), stretching (tepeten, = 5 s) of the forearm, as well as washing (Zyasn
= 5 s, soap and lukewarm water). Beginning from a value of ~3 € prior to any
mechanical deformation, the characteristic resistance of the STE trace increased
steadily to ~20 €2 and ~13 €2 after 10 pinching and stretching cycles, respectively,
after which the resistance stabilized, approaching ~39 Q after the 100"* pinching
iteration and ~23 after the 100" stretching iteration. Accordingly, minimal dete-
rioration in the resistive properties of the epidermal STE can be expected following
repetitive mechanical deformations. A five second washing routine with soap and
lukewarm water also resulted in negligible deterioration in the characteristic re-
sistance of the sensor ( 3 ) until the ~80%" iteration, after which the resistance
gradually climbed to ~20 € by the 100" washing cycle. As a consequence of the
sensors remarkable mechanical and chemical resiliency, the stamped device is ex-
pected to withstand the rigors of routine on-body use under diverse conditions.
In an attempt to gain further insights, electrochemical impedance spectroscopy
was performed (Fig. 5.14) in order to ascertain the boundary where mass transfer
control of the electrochemical reaction transitions to kinetic control. Owing to the
absence of straight line in the Nyquist plot, it can be inferred that the reactions
occurring at the skin-electrode interface are purely governed by chemical kinet-
ics rather than by mass transfer over the entire frequency range examined (1 Hz
- 10 kHz). Mass transfer of the chemical species is thus not expected to dom-
inate the charge transfer dynamics of the electrochemical system and therefore
waveforms generated by voltammetric measurements may deviate somewhat from
those expected at conventional solid-state electrodes (i.e. glassy carbon, screen
printed carbon, etc.). Hence, the distortion imparted by the skin-based electrodes
is equivalent to recording a voltammogram at high scan rates. Moreover, a solu-
tion and charge transfer resistance of Rg = 97 2 and R, = 22.5 k2, respectively,
can be extrapolated from the Nyquist plot of the experimental impedance data.
Interpolating from these data, a double layer capacitance Cy of 193.2 uF can be
estimated (according to the Randles-Ershler model [6, 85]).

The work presented describes a novel stamp-transfer method for the man-
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ufacture of electrochemical sensors and biosensors on non-traditional substrates.
Owing to the versatility of the pattern-transfer technique, the as-prepared elec-
trochemical sensors are able to conform to a wide array of non-planar substrates
possessing various surface irregularities, as well as large objects that are not com-
patible with conventional SPE fabrication techniques. The migration of printed
electrochemical sensors to unconventional substrates characterized by a large sur-
face area and/or a high degree of non-planarity creates new opportunities for the
utilization of these devices in a wide array of applications in the healthcare, fitness,
security-monitoring, and forensics domains. Although the approach is amenable
to low-cost production, the stamp transfer technique can be implemented in high-
throughput fabrication processes with the design of the appropriate automated
equipment. The combination of the pattern-transfer paradigm with current de-
velopments in epidermal electronics would enable the realization of truly ‘Lab-on-

Skin’-type of embodiments for the control and readout of these sensor devices.

5.3 Screen printed electrodes for the ampero-

metric detection of myeloperoxidase

Immediate and reliable diagnostic information regarding unpredicted car-
diovascular events is crucial for providing timely, life-saving therapeutic interven-
tion. Indeed, most acute cardiac events are life-threatening emergencies, and the
length of time that transpires between the onset of the injury and treatment has
been shown to be positively correlated with increased mortality rates [86]. For
example, while patients exhibiting acute myocardial infarction (AMI) can benefit
from new medications and treatments, in order to be effective, these drugs must
be administrated rapidly after the first symptoms appear. Rapid and reliable di-
agnosis of cardiac abnormalities would allow for immediate medical intervention,
leading to decreased mortality. Accurate diagnostic tools should also reduce un-
necessary hospital admissions or discharges and reduce related healthcare costs. It
is imperative to provide immediate and reliable diagnoses regarding unpredicted

cardiovascular events and to identify those patients presenting such events in the



72

acute phase. FEvaluation of patients arriving at the hospital with complaints of
chest pain or related warning signs is time-consuming, costly, and inherently prob-
lematic. However, identifying patients with cardiac injury remains a primary chal-
lenge. Major emphasis has thus been given to point-of-care testing that provides
a rapid means for early diagnosis [87]. Although advanced diagnostic tools such as
the electrocardiogram offer a wealth of information regarding the cardiac patho-
physiology [88], this technique is not amenable to point-of-care testing. Bioassays,
however, show the promise for improved point-of-care evaluation and decision mak-
ing for the diagnosis of acute cardiac events [89]. Despite extensive development in
the field of bioassays, current assay tests performed in the hospital are still costly
and time-consuming, thus placing an additional burden on the healthcare provider.
A high-fidelity, low-cost point-of-care assay offering rapid results could enable a
faster and better-suited treatment, thereby leading to decreased mortality rates
from life-threatening cardiovascular events.

Cardiovascular disorders manifest a wide range of symptoms and character-
istics, hence providing a challenging domain for diagnostics. Particular attention
has been given to the development of blood tests for detecting injury to the heart
muscle at the early stages among people with chest discomfort and for the di-
agnosis of acute coronary syndromes (ACS) [86]. Such blood tests for cardiac
markers assist physicians in their assessment and diagnosis of ACS and aid them
in identifying and managing high-risk patients. However, these tests must still be
performed in hospital facilities requiring blood sample analysis, during which the
most critical hours for therapeutic intervention may transpire. The reliable and
rapid diagnosis of unpredicted cardiac events thus remains a paramount challenge
in emergency healthcare today. Myeloperoxidase (MPO, E.C. 1.11.2.2), a heme
peroxidase has been given much attention as a prognostic indicator of suspected
ACS [90]. MPO catalyzes the conversion of hydrogen peroxide and the chloride ion
to hypochlorous acid. As a pro-inflammatory enzyme biomarker, MPO becomes
elevated upon neutrophil activation resulting from inflammation caused by eroded
or ruptured arterial lesions [91]. Increased serum levels of MPO (11.9 U L~ ver-

sus 6.6 U L™ under normal cardiovascular conditions) have been shown to precede
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1.11.1.7

Figure 5.15: Schematic representation of the enzymatic detection of MPO using
a screen printed electrode (SPE).

cardiac events such as acute myocardial infarction (AMI) [91] even in the absence
of established indicators of myocardial necrosis [92]. Moreover, increased serum
MPO has been shown to predict an elevated risk for subsequent cardiovascular
events among patients with ACS and as a risk indicator for long-term mortality
following AMI [93].

Numerous MPO immunoassays have been reported [94, 95, 96, 97] and
are commercially available. These assays require long incubation times and entail
complex, labor-intensive preparation and analysis. A strip-based sensor, analogous
to those used for blood glucose monitoring [10], would allow for the immediate
diagnosis of life-threatening acute cardiac events and facilitate timely therapeutic
intervention, which will ultimately lead to increased survival rates.

The present study reports the development of a strip-based assay for the
amperometric detection of physiologically relevant levels of MPO. The assay em-
ploys 3,3’,5,5'-tetramethylbenzidine (TMB) as a redox mediator for the detection
of MPO in the presence of a peroxide substrate (Fig. 5.15). The results demon-
strate the feasibility of employing simple electrochemical techniques for the direct
and highly-sensitive detection of MPO.

As a basis for the experimental realization of highly sensitive detection of
MPO, several parameters including the applied potential, pH, concentration of

TMB, incubation time, and temperature were investigated and optimized. The
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Figure 5.16: Effect of (A) pH, (B) concentration of TMB, (C) incubation time,
and (D) temperature on the detection of MPO (20 U L™') at SPE. All experiments
were conducted in 0.1 M acetate buffer with an applied potential of 0 mV vs
Ag/AgCl and 1.2 mM of HyOs.
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optimized parameters were utilized in calibration measurements employing phys-
iological levels of MPO. Common interferents in serum were also investigated in
the context of MPO detection fidelity. The results are as follows:

Effect of applied potential:

In order to determine the precise TMB reduction potential, the applied
potential was scanned from -200 mV to 200 mV vs Ag/AgCl in 50 mV increments
in an acetate buffer containing 0.6 mM TMB and 1.2 mM H,O,. At an applied
potential of 0 mV vs Ag/AgCl, a highly sensitive current response for the reduction
of the oxidized TMB product was observed. Therefore, this reduction potential
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was selected to enable low-noise detection.

Effect of buffer pH:

With the reduction potential established at 0 mV vs Ag/AgCl, chronoam-
perograms were recorded for acetate buffer solutions with pH values of ranging
from 3.0 to 6.0 in 0.5 increments. For each buffer pH value, current readings were
extracted at the 10" s following the application of 0 mV vs Ag/AgCl for both
blank (0 U L™! MPO) and 20 U L~! MPO concentrations, as shown in Fig. 5.16A.
The current response exhibited a negative parabolic profile with a maximum at pH
4.5. The decrease in the current response profile at pH values greater than 5 can be
attributed to the instability of the TMB oxidation product near neutral pH values
[94]. Accordingly, a pH 4.5 acetate buffer was selected for further measurements.

Effect of mediator concentration:

Subsequent to pH studies, the concentration of TMB was varied between
100 pM and 600 M in 100 pM increments with a fixed concentration of HyO,
(1.2 mM). Chronoamperograms were recorded and a sampling time of 10 s was
established. An increase in the magnitude of the current response was obtained
for TMB between 100 M and 500 pM, as elucidated in Fig. 5.16B. The onset
of saturation in the current response was observed at 600 pM. Due to the dimin-
ishing returns afforded by increasing the level of TMB beyond 600 M, ensuing
experiments were performed with this concentration of TMB.

Effect of incubation time:

To determine the reaction duration that resulted in the optimal current
response, the reagents (including 20 U L~ MPO) were mixed and stored in a vial
for 0 min to 5 min (in 1 min increments). Once the desired incubation time tran-
spired, the sample was dispensed on the electrode surface and chronoamperometry
was performed. As illustrated in Fig. 5.16C, an increase in the reduction current
was observed for reaction durations from 0 min to 2 min. However, once the 2
min reaction duration was attained, the current response saturated and further
escalating the incubation time had little effect on the current response. Thus, an
incubation time of 2 min was chosen for subsequent investigations.

Effect of temperature:
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Employing a temperature-controlled recirculating water bath, the reaction
temperature was increased from 22° C to 52° C in 5° C increments. All reagents
were incubated in this bath following preparation and allowed to reach the desired
temperature. Once all the compounds to be analyzed were mixed, the solution was
placed in a vial and incubated in the bath for two min prior to being dispensed
on the electrode surface. Chronoamperograms were subsequently recorded and
the results of these measurements (current sampled at ¢ = 10 s) are shown in
Fig. 5.16D. The measured current response increased from 22° C to 37° C. However,
the current response saturated at temperatures of 42° C and greater.

As indicated from Fig. 5.16A - D, the measured background (blank) cur-
rent was independent of TMB concentration, incubation time and temperature,
although it displayed a slight pH dependence, as expected from the optimal assay
conditions of TMB [94].

Calibration in buffer solution:

With the above mentioned optimization complete, all parameters were es-
tablished at their respective optimal values and a calibration was performed be-
tween 0 U L™! and 18 U L™! MPO to emulate circulating concentrations of the
enzyme in human serum. Acetate buffer solutions (pH 4.5) containing varying
concentrations of MPO were mixed with TMB and H50,, and allowed to incubate
at 37° C for 2 min prior to dispensing on the electrode surface. A chronoam-
perogram was recorded for 30 s for the blank buffer solution and for each MPO
concentration. The corresponding current-time signals are provided in Fig. 5.17A.
The current was sampled at ¢ = 10 s, and a linear regression shows a high de-
gree of correlation among increasing levels of MPO with a correlation coefficient
of 0.995 (n = 3). Extrapolating from the regression line intercept, the noise level
was 1.05 nA and the regression line slope indicated a sensitivity of 2.72 nA (U
L1~ (Fig. 5.17B). The detection limit of MPO was determined to be 0.4 U L~!
when considering a three standard deviation (30) separation from the blank buffer
solution.

Interference investigation:

An interference study was conducted whereby the common serum-based
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Figure 5.17: Chronoamperograms recorded for the detection of MPO in (A) 0.1
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compounds ascorbic acid (AA) and uric acid (UA) were employed to study their
effect on the detection of MPO. The presence of 0.4 mM UA resulted in a slight
deviation in the measured current of 20 U L= MPO in buffer while 0.1 mM AA
yielded more than 100% deviation in the MPO signal. As such, AA served to
directly reduce the TMB oxidation product generated by the presence of MPO.
The study indicates that, even when adhering to the optimal conditions discussed
earlier, the performance of the biosensor was noticeably altered by the presence of
physiological concentrations of AA. This interference can be rectified through the
inclusion of the enzyme ascorbate oxidase (AOx, E.C. 1.10.3.3) [98]. Consequently,
further investigation into the remedial properties of AOx in the assay is warranted.

In order to mitigate the deleterious effect of AA, acetate buffer solutions
(pH 4.5) were spiked with elevated levels of the circulating compounds under in-
vestigation: MPO (20 U L™!) and AA (0.1 mM). The level of AOx in the buffer
sample was optimized until the contribution of AA to the reduction current was
negated. 650 U L~! was identified as the most effective AOx level and this quan-
tity was employed for further investigations. As in the calibration experiment, the
reagents were incubated at 37° C for 2 min prior to dispensing on the electrode
surface and chronoamperograms were recorded for 30 s. The current-time signals
are shown in Fig. 5.18A for the assay with 20 U L~! MPO (baseline) and the assay
with 20 U L=! MPO, 0.1 mM AA, and 650 U L™! AOx (current sampled at 10th
sec). As indicated from Fig. 5.18B, the response deviated by less than 15% from
the baseline (MPO alone) when 0.1 mM AA and 650 U L' AOx were included
in the assay. A low standard deviation of 3.4% (n = 3) from the mean value was
obtained in these measurements. As such, sensitive detection of relevant levels of
MPO in buffer using TMB was achieved even in the presence of a potent reducing
agent such as AA.

In addition to a close examination of serum-based electroactive interferents
such as AA and UA, the effect of other peroxidases that exist in the blood [99]
was also explored. Given that peroxidases catalyze the reduction of HyOy in the
presence of a reducing substrate, many of these enzymes exhibit similar catalytic

functionalities as MPO and therefore may be able to displace this compound in
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Figure 5.18: (A) Chronoamperograms recorded for 20 U L~ MPO (red) and with
the addition of 0.1 mM ascorbic acid (AA) and 650 U L™ ascorbate oxidase (AOx)

(green). (B) Histograms showing the normalized output current with respect to
20 U L' MPO. Currents are sampled at the 10" s.

enzymatic detection schemes such as the one proposed. When multiple peroxidases
are present (such as in serum), HyO4 will be consumed by each of these enzymes.
However, by employing a sufficient concentration of HyOy (1.2 mM) as in the
aforementioned assay protocol, the interference effect of other peroxidases can be
mitigated. In the present investigation, as an example, a human serum sample was
spiked with a physiological level of glutathione peroxidase (GPx, E.C. 1.11.1.9),
a common antioxidant enzyme found in the blood at relatively high levels (676
U L71) [100]. The measured current from the chronoamperometric experiments
resembled baseline readings, thereby indicating that the presence of GPx could not
be detected when employing the conditions used for MPO detection. Subsequently,
a serum sample was spiked with both GPx and MPO (at physiological levels)
in order to verify that TMB demonstrated specificity towards MPO alone. The
measured current in this experiment was in close agreement with MPO signal
obtained earlier and did not show an “additive” effect, thus confirming that the
presence of GPx did not interfere with the detection of MPO. Reports have also
indicated that Ellman’s Reagent can be utilized to react with the thiol groups of
the glutathione substrate, thereby inhibiting the catalytic oxidation of TMB [101].
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Although the results imply that amperometry could lead to straightforward
detection of MPO, the presence of other electroactive compounds and high levels of
peroxidases (categorized under the E.C. 1.11.1.7 family) in serum could potentially
interfere with the amperometric detection of this enzyme. Accordingly, the elec-
trochemical detection of MPO should only be considered when it is evaluated in
conjunction with other well-established prognostic indicators of acute myocardial
conditions.

Detection of MPO in human serum:

In order to demonstrate the practical application of the new method, a cal-
ibration study was also performed in human serum. Serum samples were spiked
with physiological levels of MPO (ranging from 0 U L~! to 18 U L™1), and the
corresponding chronoamperograms were recorded. The corresponding current sig-
nals and the calibration curves are shown in Figs. 5.17C and D, respectively. The
current was sampled at 10 s following the initialization of the measurement. As
with the buffer experiments, a favorable response is observed for these MPO in-
crements, leading to a linear response with a correlation coefficient of 0.985 (n =
3). The noise level and sensitivity of the experiment were 27.97 nA and 0.65 nA,
respectively. In this case, a limit of detection of 0.6 U L™! was achieved (using the
30 methodology).

An electrochemical biocatalytic scheme for the detection of MPO has been
presented. A multivariate parameter optimization for this electrochemical strip-
based assay was performed. Such optimization ensured effective amperometric
detection of physiological levels of MPO at SPE in buffer and human serum using
TMB as a redox mediator. It is anticipated that an inexpensive and easy-to-operate
strip-based sensor, such as the one presented here, will yield a more rapid diagnosis
than current methods provide, thereby leading to improved management of acute
coronary syndromes. However, prior to its use as a diagnostic tool, extensive
studies must be performed to examine and address all the potential interferences

in relevant clinical serum samples.

Portions of Chapter 5, section 2 were taken from J.R. Windmiller, A.J.
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Chapter 6

Enzyme logic biosensors and

chemosensors

I was early taught to work as well as play,
My life has been one long, happy holiday;
Full of work and full of play-

I dropped the worry on the way-

And God was good to me everyday.

—John D. Rockefeller

The biocomputing approach to multi-signal processing biosensors with built-
in logic is exemplified via the implementation of systems that integrate the com-
plex patterns of biomarkers originating from pathophysiological scenarios. When
an injury occurs due to mechanical or chemical damage to specific organs or tis-
sues, chemical species (proteins and/or low molecular-weight compounds), nor-
mally present only in intracellular compartments, are released into various body
fluids. Therefore, the rapid and sensitive detection of these biomarkers is essential
in order to obtain a proper injury diagnosis. One disadvantage when detecting
enzyme markers with the aim of injury diagnosis resides in the low specificity of
the biomarkers due to the various pathological conditions underlying their release.
However, the specificity of the enzyme-based diagnostic system can be achieved
via the implementation of Boolean-based analysis of complex biomarker patterns

via the implementation of biochemical logic gates. Rather than insisting on the

82
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detection of a single injury biomarker, a biochemical system composed of enzyme
logic gates can process two (or eventually several) physiologically-relevant inputs
and thereby generate a corresponding output. The diagnostic capabilities of the
biochemical detection system are enhanced when multiple logic gates are concate-
nated to increase the information processing capacity of the logic system. Hence,
such systems can be optimized in order to detect specific injuries while diminishing

the possibility of false alarms.

6.1 Boolean-format biocatalytic processing of en-
zyme biomarkers for the diagnosis of soft tis-
sue injury

Soft tissue injury (STI) manifests a wide range of symptoms and character-
istics, making an accurate assessment of pathophysiological states a key challenge.
Much attention has focused on the development of blood tests for detecting in-
jury to muscle tissues as early as possible among individuals who have presented
outward indicators of STI [102]. Among clinically established indicators of STI,
serum creatine kinase (CK, E.C. 2.7.3.2) and lactate dehydrogenase (LDH, E.C.
1.1.1.27) have been routinely employed in the assessment of muscular exertion,
fatigue, injury, and trauma [103]. Tissue breakdown and hemolysis may be evalu-
ated through the concomitant increase in LDH activity, which has been shown to
rise from 150 U L~! under normal physiological conditions to over 1000 U L~! in
cases where significant damage to the soft tissues has occurred [104, 105]. LDH
catalyzes the conversion of pyruvate (PYR) and lactate (LAC) through the cy-
cling of oxidation states of nicotinamide adenine dinucleotide (NAD™). CK, which
catalyzes the reversible phosphorylation of creatine (CRTN) in the presence of
adenosine triphosphate (ATP), complements LDH as an indicator of rhabdomyol-
ysis and can increase from 100 U L~! under normal physiological circumstances to
710 U L' in pathological instances of STI [106]. When examined in tandem, both

enzyme biomarkers overlap in their specificity for skeletal muscle, albeit elevated
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levels of these enzymes can also indicate the presence of acute cardiac events and,
therefore, a proper ‘single-shot” STI diagnosis is traditionally not feasible. It has
been shown that, in an acute cardiac event, individuals will typically exhibit a rise
and fall of circulating CK levels followed by a rise and fall of circulating LDH,
with the temporal offset between the two peaks at roughly 12 hours [107]. Accord-
ingly, a detection concept that endeavors at identifying the presence of STI using
this enzyme contingent must obviate the possibility of injury to the myocardium.
Advantageously, the varying temporal concentration profiles of CK and LDH dur-
ing acute cardiac events are ignored with the proposed NAND gate as only the
simultaneous presence of elevated levels of these biomarkers would indicate the
incurrence of STI.

The present investigation describes the development of a novel enzyme logic
sensing concept for the detection of STI. Recent developments exploiting enzyme-
based networks that mimic Boolean logic gates [108] have demonstrated consider-
able promise for the detection of physiologically relevant biomarkers [42, 43]. When
compared with traditional biosensor concepts, this methodology merges the inher-
ent redundancy and robustness of a Boolean logic approach in reaching ‘True’
or ‘False’ decisions with the specificity and dynamic range associated with bio-
catalytic processing. In this manner, multiple biomarkers of acute injury can be
integrated and processed in a logical fashion to yield additional physiological infor-
mation even in the presence of interfering compounds and unpredictable temporal
concentration profiles of the biomarker inputs. Such a scheme also lends itself
to established analytical electrochemical techniques in addition to harnessing the
noise-mitigating capabilities of advanced digital signal post-processing algorithms.
The resulting high-fidelity diagnostic route would facilitate a timely therapeutic
intervention, which will ultimately lead to increased survival rates.

Employing CK and LDH as physiologically relevant enzyme inputs to a
Boolean logic gate presents the opportunity to realize a high-fidelity detection
concept for STI. Given that both inputs rise upon the incurrence of a meaningful
pathological state, reasonable embodiments include the AND and NAND gate,

whereby a concomitant increase in both biomarkers following injury would result
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in an affirmative output. The latter embodiment lends itself to a more straight-
forward detection system that employs an enzyme cascade of CK, pyruvate kinase
(PK, E.C. 2.7.1.40) and LDH in combination with their respective substrates:
CRTN, ATP, phosphoenolpyruvate (PEP), and reduced nicotinamide adenine din-
ucleotide (NADH). Moreover, a NAND gate disregards the temporal delay between
myocardial-induced rises of CK and LDH, as only the simultaneous presence of el-
evated levels of both of these enzymes would trigger a positive diagnosis, thereby
negating potential interference that may arise as a result of an acute cardiac con-
dition. By establishing a pathologically-meaningful decision threshold, relatively
simple optical and amperometric assays tendered the diagnosis in a straightfor-
ward ‘True’/‘False’ digital format. Only the simultaneous presence of elevated
levels of both enzyme inputs would thus trigger a positive diagnosis. Moreover,
an interference investigation has been performed that employs circulating levels of
potential interferents. Such an enzyme cascade and enzymatically-processed bio-
chemical information offer promise for point-of-care injury screening where a rapid
determination of pathological situations is a prime consideration. In contrast with
early work on injury diagnosis with enzyme logic gates such as AND, OR, and
XOR [42, 43|, the study presented represents the first example of a logic gate for
injury detection employing the NAND architecture and the first demonstration
of any logic gate operating in the presence of interferents.

The new protocol relies on measurements of physiologically relevant levels
of CK and LDH processed through an enzyme cascade. Following an initial optical
characterization and optimization of the enzyme logic STI machinery, the concept
has been evaluated towards amperometric sensing at a disposable carbon screen
printed electrode (SPE). The electrochemical assay employs methylene green (MG)
as a redox mediator to realize the low-potential detection of the NADH output in
the presence of physiologically relevant levels of both enzyme inputs along with
potential interferences. In line with the NAND gate topology, a decision thresh-
old is established at a pre-determined current, below which a positive diagnosis is
made. This current magnitude, which corresponds to the aggregate concentration

of CK and LDH normally found in serum, may be adjusted as required for high-



86

(A)

Input 1
) LDH
Creatine ATP PEP Lactate o NAD*
i
e ol
M;
Phosphocreatine ADP Pyruvate NADH

2.7.3.2

(B) (C)

CK LDH | Output -
conclusions

Input1l] CK
0 NADH 0 0 1 Normal
Input 2] LDH 0 . - Fitness /

Cardiac

1.1.1.27

1 0 1 Cardiac
1 1 0 STI

Figure 6.1: (A) Biocatalytic cascade instigated by creatine kinase (CK) and
lactate dehydrogenase (LDH) with the level of reduced nicotinamide adenine din-
ucleotide (NADH) as an indicator of NAND operation, (B) the equivalent logic
system, and (C) the corresponding truth table with biomedical conclusions drawn
from the combinations of the input signals. Note that the output signal with the
logic value ‘0’ implies an STl diagnosis, while logic output ‘1’ corresponds to all
other physiological scenarios.
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integrity readout under various pathological circumstances. The results delineated
below indicate the potential of the new concept for the measurement of circulat-
ing levels of CK and LDH in the presence of physiologically-relevant interferents,
thereby enabling the high-fidelity discrimination between normal (physiological)
and abnormal (pathological) STI conditions. Accordingly, the proposed scheme
offers great promise for the low-cost, rapid, and decentralized diagnosis of STI.

The fabrication of the carbon-based screen printed electrodes used in this
investigation has been described in previous sections.

In order to comply with a 500 uL. quartz cuvette, a total of 500 ul. of
reagents were employed in each optical experiment. This volume consisted of 100
uLi of Gly-Gly and 50 uL of each of the reagents: NADH (3 mM), bovine serum
albumin (BSA, 0.3%, w/v), ATP (20 mM), PEP (5 mM), PK (20 kU L), CRTN
(150 mM), along with 50 uL of each of CK and LDH. Logical ‘0’ and ‘1’ levels of CK
(100 and 710 U L™!) and LDH (150 and 1000 U L™') input signals were applied to
the logic system in order to realize meaningful circulating levels of these enzymes.
All reagents were dispensed in the cuvette and mixed by inversion. Immediately
following mixture, an optical absorbance measurement was recorded continuously
for 300 s at A = 340 nm (at 37° C).

The electrochemical experiments were conducted by employing a sample
volume of 160 pL in each measurement. This volume consisted of 16 ul. Gly-Gly
buffer and 16 L of each of the reagents used in the optical experiments along with
an MG redox mediator (300 uM). In the interference study, the Gly-Gly buffer
was spiked with physiological levels of the following compounds: LAC (6 mM),
PYR (40 M), phosphocreatine (PCr, 150 uM), adenosine diphosphate (ADP, 130
nM), and NADT (30 uM). Circulating levels of the substrates and co-substrates
already implemented in the enzyme cascade were several orders of magnitude lower
than those employed and thus their effect was not considered. All reagents in
both the optimization and interference studies (with the exception of MG) were
mixed in a vial and incubated at 37° C in a heatblock for 180 s. Following this
incubation period, MG was added to the solution, which was subsequently mixed

and dispensed in the electrode reservoir held at 37° C. A chronoamperogram was



38

then recorded for 60 s with a stepped potential of 0.0 V vs Ag/AgCl.

Fig. 6.1A illustrates the enzyme logic cascade employed to realize the NAND
gate operation as well as its equivalent logic gate (Fig. 6.1B) and the truth table
(Fig. 6.1C). Using this operation, different combinations of the enzyme biomarker
inputs lead to distinguishable patterns of the NADH output signal. In accordance
with the NAND gate operational functionality, logical ‘0’ and ‘1’ levels of CK
and LDH input signals, corresponding to normal or anomalous physiological con-
ditions, respectively, ((CK,LDH) = (0,0), (0,1), and (1,0)), resulted in an output
of logical ‘1’. On the other hand, logical ‘1’ levels of both CK and LDH = (1,1)
caused the output state to change from ‘1’ to ‘0’, indicating the occurrence of STT.
It should be noted that the logic output signal ‘O’ generated by the NAND gate
and corresponding to the positive STI diagnosis does not imply that the signal is
truly at a zero level. Rather, a ‘0’ output implies that the system has transitioned
from a state producing a signal of high magnitude to one that yields a low-level
signal. In this regard, the logic output signal ‘1’ indicates that the output signal
is unchanged. The concentration of the reagents in the enzyme cascade were in-
dividually tailored to yield optimal dynamic range between the pathological level
(1,1) and normal or anomalous physiological levels (0,0), (0,1), and (1,0). This
enabled the unambiguous determination of the injury state (when the output signal
‘0’ is generated) due to the establishment of a fixed decision threshold. Only the
simultaneous presence of elevated levels of both enzyme inputs would thus trigger
a positive diagnosis. On the other hand, the output signal ‘1’ has undetermined
meaning ranging from healthy conditions to various physiological anomalies not
related to STI.

Assays for the individual analysis of serum CK and LDH are well-established
[102, 109]. Commercially deployed assays for the determination of CK activity typ-
ically operate at an alkaline pH (8.8 - 9.0) as this is the level at which CK exhibits
maximum activity [110]. However, assays that have been widely available for quan-
tifying LDH activity operate at neutral pH values (7.2 - 7.4), the enzyme’s optimum
range for efficient PYR to LAC conversion [111]. This inherent pH incompatibil-
ity presents a unique challenge when endeavoring to employ both CK and LDH
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as inputs into an enzymatic-processing system and requires a critical assessment
of the optimal pH. A detailed investigation of the potential interferences is also
of considerable importance in light of the fact that the enzyme cascade employs
several compounds found in body fluids and in view of similar natural biochemical
processes occurring within the body.

Based on established assay protocols [111, 112], the concentrations of the
constituents of the logic-gate machinery were individually tailored to yield opti-
mal dynamic range between the pathological level (1,1) and normal or anomalous
physiological levels (0,0), (0,1), and (1,0). This enabled unambiguous determi-
nation of the injury state due to the establishment of a fixed decision thresh-
old. Consistent with commercially available assays [112], a Gly-Gly buffer so-
lution was identified as the most suitable experimental medium as other buffer
solutions operating in similar pH regimes such as phosphate-buffered saline and
tris(hydroxymethyl)aminomethane-hydrochloride contained ions that were noted
as inhibitory to one or more of the enzymes. Furthermore, the enzyme activator
ions Mg?" (required for CK and PK catalysis) and KT (required for PK catalysis)
were included in this solution via the addition of magnesium acetate and potassium
hydroxide, respectively. All experiments were performed at physiological tempera-
ture (37° C) due to the sub-optimal performance of the enzyme machinery at room
temperature.

In order to identify the optimal pH that would enable the most favorable
operation of the NAND gate, the pH of the Gly-Gly buffer was varied, as shown
in Fig. 6.2. Commencing experiments with a physiological pH level, the pH value
was increased from 7.40 to 8.50. Fig. 6.2A displays the optical absorbance of the
NAND gate at pH 7.40 for three independent experiments at each logic level.
In this case, the enzymatic reaction was sluggish to proceed as, little, if any, dis-
tinction was observed among the logic levels. The histogram shown in the inset
demonstrates a comparative account of the NAND gate performance at this pH
(at 300 s). In this case, the (1,1) logic level possessed nearly the same absorbance
magnitude as the physiological logic levels (0,0), (0,1), and (1,0). Hence, an

unambiguous decision threshold could not be established for diagnosis. A fur-
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Figure 6.2: Time-dependent optical signals corresponding to the consumption of
NADH upon the application of various combinations of the CK and LDH input
signals at pH (A) 7.40, (B) 7.95, and (C) 8.50. Insets show histograms featuring
the NAND logic operation of the optical system at the specified pH. Dashed lines
indicate decision thresholds for the realization of NAND gate operation. Optical
absorbance measurements were performed at A\ = 340 nm.

ther increase in the pH improves the differentiation between the logic levels. For
example, Fig. 6.2B presents the optical data obtained at pH 7.95 where a large
differentiation between pathological and physiological logic levels is observed, re-
flecting the more rapid enzymatic reaction. From the corresponding histogram,
the (1,1) logic level was separated by more than 0.52 O.D. from the nearest logic
level. At this pH, an explicit decision threshold could be established at 0.49 O.D.,
leading to highly reliable NAND operation. Proceeding with a further elevated
pH value of 8.50, which is routinely employed in CK assays [112], leads to further
enhanced logic gate performance, although not as significant as in the transition
from pH 7.40 to pH 7.95. Fig. 6.2C displays the optical absorbance of the NAND
gate at pH 8.50. In this case, the conglomerate enzyme reaction proceeded at its
fastest rate, with the (1,1) logic state consuming the NADH in its entirety prior
to the conclusion of the experiment. The histogram chronicles the improvement in
the NAND gate performance and the increased dynamic range at this pH level.
In this case, the (1,1) logic level was extremely well-separated from the logic level
in closest proximity, with a 0.58 O.D. separation between the two states. This

enabled an explicit decision threshold to be established at 0.43 O.D., thus allowing
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Figure 6.3: (A) Chronoamperometric curves generated by the NAND gate upon
application of various combinations of the CK and LDH input signals at pH 7.95.
(B) Histogram featuring the NAND logic operation for the corresponding com-
binations of input signals. Electrochemical measurements were performed using
a potential step to 0.0 V vs Ag/AgCl and the current was sampled after 60 s.
Dashed lines indicate the decision threshold for the realization of NAND gate
operation.

for high-fidelity operation. In each measurement, regardless of the operating pH,
the (1,0) logic level was in closer proximity to (1,1), while the (0,0) and (0,1) logic
levels remained largely unperturbed and well-distanced from the two other levels.
This reflects the Michaelis-Menten enzymatic kinetics, whereby the PYR substrate
generated by physiological as well as pathological levels of CK were at saturating
levels for both the LDH ‘0’ and ‘1’ levels, thereby giving rise to a non-proportional
relationship. The challenge of physiological monitoring can be resolved in a strip-
form embodiment by employing a mild pH adjustment using ‘dry reagent’ alkaline
salts. In light of the reduced performance at pH 7.40, all subsequent experiments
were performed at a pH of 7.95.

In accordance with the goal of low-cost decentralized screening of STI, the
aforementioned protocol was migrated to the amperometric domain using a dis-
posable SPE. Towards the goal of developing compact analytical devices and based
on the results obtained above, the pH of the buffer was established at 7.95 and

chronoamperometric measurements were performed for each logic level with MG
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employed in the assay. The redox mediator MG offers a low-potential detection of
NADH, hence minimizing potential electroactive interferences. The detection po-
tential was varied between -0.2 V and 0.2 V vs Ag/AgCl in order to determine the
optimal potential with the most favorable signal-to-noise ratio (SNR). Likewise,
the MG concentration was varied from 100 uM to 10 mM in order to further max-
imize the SNR. This multivariate parameter sweep indicated that, in the presence
of 300 uM of MG, an applied potential of 0.0 V vs Ag/AgCl resulted in the highest
SNR figure-of-merit. Fig. 6.3A displays chronoamperograms (potential step to 0.0
V vs Ag/AgCl) obtained at the carbon SPE by the NAND gate upon application
of various input combinations. At 60 s sampling time, the difference in current
between the (1,1) logic and (1,0) logic levels was 27 nA, as shown in Fig. 6.3B. As
in the optical experiments, the histogram indicates that a straightforward decision
threshold could be instituted to realize high-fidelity NAND gate operation. This
threshold was established at 135 nA.

Accordingly, satisfactory agreement was observed between the optical and
electrochemical data, as indicated from a comparison of the histograms presented
in Figs. 6.2 and 6.3, thereby confirming the validity of the transition of the exper-
imental procedure from the optical to the electrochemical domain. With the elec-
trochemical protocol in functional order, the effect of undesired (yet physiologically
relevant) biomarkers and potential interference was subsequently investigated.

A biosensor using an enzyme cascade as its backbone employs many of the
same compounds found within the body and operates under similar biochemical
principles. One of the most well-established indicators of muscular fatigue and
injury is a physiological rise in serum levels of LAC from 1.6 to 6.0 mM [113].
Any assay that employs LDH to assess STI must minimize the effect of LAC to
yield reliable results. In addition to accounting for the influence of LAC on the
operation of the logic gate, the effect of incorporating other physiologically rele-
vant compounds is also a necessity even if they are not outward biomarkers of STT.
Of the multitude of substances present in the blood, the most detrimental com-
pounds to the operation of the system are those that also serve as the substrates

and co-substrates for the enzyme reactions. Particularly, these interferents could
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Figure 6.4: (A) Chronoamperometric curves generated by the NAND gate upon
application of various combinations of the input signals with physiological levels
of 6.0 mM LAC, 40 uM PYR, 150 uM PCr, 130 nM ADP, and 30 uM NAD* at
pH 7.95. (B) Histogram featuring the NAND logic operation for the correspond-
ing combinations of input signals. Electrochemical measurements were performed
using a potential step to 0.0 V vs Ag/AgCl and the current was sampled after 60

s. Dashed lines indicate the decision threshold for the realization of NAND gate
operation.
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potentially hinder or even reverse the enzymatic reaction, thereby leading to com-
plete operational failure of the logic gate. As such, PYR, PCr, ADP, and NAD™
must be employed in the logic gate at their physiological levels in an attempt to
emulate realistic sensing conditions.

Utilizing the same assay conditions as stated above, a comprehensive inter-
ference examination was performed with circulating levels of PYR, PCr, ADP, and
NAD™ as well as pathological levels of LAC. The resulting chronoamperograms are
shown in Fig. 6.4A (average of three independent experiments). As apparent, the
pathological logic level (1,1) was easily distinguishable and separated from the
physiological logic levels by greater than 20 nA. The histogram shown in Fig. 6.4B
illustrates the high-fidelity operation of the enzyme logic gate wherein a low stan-
dard deviation of less than 3 nA was obtained. With the logic threshold affixed
at 65 nA, STT could be readily diagnosed under encumbering, yet realistic condi-
tions. It should be noted that this logic threshold was reduced from the original
value of 135 nA in the presence of interference. Although the standard deviation
did not exceed 5% of the mean value, other intrinsic and practical physiological
parameters will dictate the precision of each logic level and the position of the
threshold. Such a system is expected to perform as intended for a large majority
of the population with CK and LDH levels that fall within clinically-established
ranges. Yet, due to the complex nature and variable extent of STI afflictions and
of potential interferences, the execution of a large clinical study that integrates
various forms of STI is imperative in order to select the most optimal threshold
level for the general population.

The presented interference study underscores the robustness of the enzyme
logic approach in assessing a pathologically complex and diverse affliction such
as STI. The sizeable dynamic range of the NAND gate in the presence of high
levels of interferents highlights the advantages of the concept when contrasted
with traditional biosensor approaches. In light of the presence of interferents,
the use of Boolean processing and a decision threshold for digital diagnosis en-
abled the assessment of proper diagnosis with a high degree of confidence under

practical and varied conditions. Without the ability to establish a decision thresh-
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old and Boolean-format digital processing of the inputs, a conventional biosensor
would encounter serious challenges in discarding the noise arising from the pres-
ence of undesired biomarkers and extracting the signal of interest. Moreover, were
a conventional biosensor approach to be used in this situation, the dramatically
reduced background noise current in the presence of physiologically relevant inter-
ference would result in misdiagnosis, as can be inferred from a direct comparison
of Figs. 6.3 and 6.4. Furthermore and more importantly, a traditional biosen-
sor would experience great difficulty in resolving injury states under ‘real-world’
conditions when applied to STI, owing to the natural metabolic fluctuations of
co-existing interferents and biomarkers. Therefore, the high dynamic range of the
logic gate enabled the establishment of an unambiguous decision threshold and
digital manipulation of the biomarker signals, thereby alleviating extraneous phys-
iological effects, which allowed the system an enhanced ability to detect injury
when compared with traditional biosensing concepts.

A novel enzyme logic system based upon the concert operation of an en-
zyme cascade has been designed to process biochemical information for the di-
agnostic assessment of STI. Such operation offers reliable information processing
and generates distinguishable patterns of the NADH output signal arising from
various combinations of the enzyme biomarker inputs. Following an optimization
of the operating conditions, an interference investigation employing both phys-
iological and pathological concentrations of potential interferents was also per-
formed. The enzymatically-processed biochemical information presented in the
form of a NAND truth table allowed for high-fidelity discrimination between nor-
mal (physiological) and abnormal (pathological) conditions even under extreme
circumstances where interfering compounds were present at their pathological lev-
els. The presented concept is the first demonstration, to the best of our knowledge,
of successful enzyme logic gate operation applied to diagnostic merits in a physio-
logically relevant environment. While further development is required to realize an
on-body sensor, the present system represents a first step towards the cost-effective
and high-fidelity detection of enzyme biomarkers, thus enabling the decentralized

diagnosis of injuries to the body’s soft tissues.
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6.2 Enzyme-based NAND gate for rapid electro-
chemical screening of traumatic brain injury

in serum

Traumatic brain injury (TBI) is the leading cause of death and disability
among the military and civilian population under 45, accounting for over 50 billion
dollars in direct and indirect costs per annum in the US alone [114]. Early diagnosis
of TBI is critical to improving the chances of survival among those who sustain
these injuries as well as to mitigate prolonged cognitive impairments. To this
end, the administration of treatment within the first 30 min following a TBI event
can dramatically increase the odds for survival and substantially reduce long-term
neurological disability [115]. However, at the present time, there is a deficit of
robust diagnostic technologies that provide for the continuous monitoring of TBI,
especially during the acute phase where long-term psychophysiological impairments
may be reduced or prevented.

An enzyme-based logic gate that integrates the physiologically-relevant in-
put biomarkers glutamate and lactate dehydrogenase has been developed to yield
a rapid assessment of TBI, akin to the presentation of a blood glucose reading
on a handheld glucose meter. Glutamate (GLU), a proteinogenic amino acid, is a
freely-circulating metabolite and the most abundant excitatory neurotransmitter
in the central nervous system (CNS) [116]. Conditions that have been implicated
in glutamate abnormalities include ischemic neuronal injury [117], hypoglycemic
injury [118], epilepsy [119], Alzheimer’s disease [120], and traumatic brain injury
[121, 122, 123]. Most notably, Suzuki and colleagues have observed statistically-
relevant increases in circulating glutamate in blood samples from patients who
have sustained TBI [124]. In this study, it was determined that circulating gluta-
mate rises from nominal levels of 37.5 uM - 141.3 M among patients who have
sustained moderate to severe brain trauma.

Lactate dehydrogenase (LDH, E.C. 1.1.1.27), a cytoplasmic enzyme that
catalyzes the interconversion of lactate and pyruvate in the presence of the coen-

zymes nicotinamide adenine dinucleotide (NAD™) and its reduced form (NADH),
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Figure 6.5: Biocomputing concept illustrating the sample preparation and anal-
ysis routines.

respectively, is normally present in high concentrations in the CNS [125]. Upon
tissue damage and hemolysis, LDH activity has been shown to increase from nor-
mal circulating levels of around 150 U L' [126] to over 1000 U L~! in pathological
occurrences of tissue damage [105] and, more specifically, damage to the nervous
tissue [127]. LDH complements glutamate as a biomarker of broader diagnostic
scope and can be employed as a redundancy check on the assessment of a patho-
logical state in an AND or NAND enzyme logic gate configuration, thereby
significantly reducing the occurrence of false positives. In either configuration, the
output of the logic gate would only change state when both inputs are ‘high’, i.e. at
pathological levels or (1,1), thereby providing indication that a TBI has occurred.
In the AND gate incarnation, the (1,1) level of the input biomarkers will result
in a ‘high’ output, i.e. logic ‘1’, and can be ascribed to a truth table. Conversely,
the NAND gate will yield a ‘low’ output, i.e. logic ‘0’ only when the (1,1) level
of the input biomarkers is presented and its operation can also be ascribed to a
truth table. Naturally, it is expected that the values reported for GLU and LDH
will fluctuate among the general population. However, a distinct advantage of the
enzyme logic-based approach is that an injury threshold is implemented between
the normal and pathological levels of the biomarkers, above (or below) which a pos-
itive diagnosis for injury is presented. In this case, it is statistically expected that

an overwhelming majority of cases will be identified, despite the wide distribution
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inherent in the levels of the biomarkers among the population.

Enzyme-based biocatalytic cascades that implement Boolean functions have
been shown to effectively integrate patterns of multiple biomarkers, thereby ex-
tracting a more detailed assessment of the nature and severity of injury [47]. In
this regard, multiple biomarkers of varying specificity towards the injury can be in-
tegrated in the cascade to improve the reliability of the diagnosis and yield a simple
‘YES’/'NO’ evaluation [73]. In this manner, enzyme-based logic gates have been
previously employed for the assessment of such conditions as soft tissue injury,
liver injury, abdominal trauma, hemorrhagic shock, and oxidative stress, to name
a few [128, 129]. Moreover, studies have investigated the use of enzyme-based logic
gates for the diagnostic assessment of TBI in buffer [130] and human serum sam-
ples [131]. However, these gates were relegated to operation in the optical domain
(absorbance vs time), which requires a sophisticated benchtop spectrophotometer
and therefore are not amenable to rapid, cost-effective evaluation. The evolution
of an electrochemical analog that processes clinically-established TBI biomarkers
would represent a significant diagnostic advancement - such logic gates can be inte-
grated into rapid and easy-to-use strip-based diagnostic devices with an embedded
reagent layer, akin to glucose test strips [10].

The study presented below describes the development of a rapid ampero-
metric assay for screening patients suspected to have sustained traumatic brain
injury. Specifically, a biocatalytic cascade operating in analogous fashion to a
NAND Boolean logic gate has been designed, optimized, and characterized to
process relevant fluctuations in the levels of the serum-based biomarkers GLU and
LDH. Upon detecting pathological levels of both biomarkers that exceed a pre-
defined threshold taken from clinical data, the gate is able to trigger an immediate
alert. Moreover, the gate is shown to mitigate the effect of physiological and elec-
troactive sources of interference that are normally found circulating alongside the
biomarkers of interest. Owing to its robust design, the biocatalytic cascade is
extended to operation in real human serum samples and is shown to function as
intended at all logic states ascribed by a truth table. The electrochemical assay

can readily conform to glucose meter-like technology (Fig. 6.5), thereby enabling
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Figure 6.6: (A) Biocatalytic cascade operating on the biomarkers glutamate
(GLU) and lactate dehydrogenase (LDH) using a NAND gate topology with re-
duced nicotinamide adenine dinucleotide (NADH) as the output. (B) The equiva-
lent logic system and (C) the corresponding truth table of the biocatalytic cascade.
Biomedical conclusions are ascribed by the combinations of the input biomarkers.
Note that the output signal with the logic value ‘0’ implies a T'BI diagnosis, while
logic output ‘1’ corresponds to all other physiological scenarios.

rapid, on-the-spot assessment of TBI. Granted further clinical evaluation and val-
idation, the logic gate TBI concept presented here could lead to improved survival
rates and management of this debilitating condition.

Fig. 6.6A illustrates the biochemical cascade instigated by the GLU and
LDH inputs. In this biocatalytic cascade, GLU is first converted to a-ketoglutarate
(a-KG) via the enzyme glutamate oxidase (GluOx, E.C. 1.4.3.11). In the presence
of a-KG, alanine transaminase (ALT, E.C. 2.6.1.2) will concomitantly convert the
alanine (ALA) substrate to PYR, reconverting the a-KG back to GLU in the
process. Finally, in the presence of PYR, LDH will oxidize the coenzyme NADH
to NAD™ while converting the PYR substrate to LAC. The Boolean logic gate
equivalent to this cascaded process is shown in Fig. 6.6B. The biocatalytic process

can be ascribed to a truth table, as represented in Fig. 6.6C. As is apparent from
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the truth table, only the presence of elevated concentrations of both the GLU and
LDH biomarker inputs will cause the output of the logic gate to change, thereby
indicating that a TBI has been sustained. All other combinations of the biomarker
inputs correspond to normal or anomalous physiological conditions and hence will
not cause the output of the logic gate to change state.

The effect of pH was firstly investigated in a relatively simple system in the
absence of GLU and GluOx. As such, the system employed two inputs: a-KG and
LDH. Using NADH as the output signaling compound, a total sample volume of
350 pl was employed and consisted of 1 mM ALA, 300 pM NADH, and 4000 U
L~! ALT. Logical ‘0’/‘1’ levels of a-KG and LDH were established at 40 ;M /140
uM and 150 U L71/1000 U L~!, respectively. All constituents of the logic gate
were dissolved in 0.1 M phosphate buffer (pH 7.40 and 7.97). All the reagents
were dispensed in a quartz cuvette and mixed. Immediately following mixture, an
optical absorbance measurement was recorded continuously at the characteristic
absorption peak of NADH, 340 nm (at 37° C).

The electrochemical experiments were performed in a microcell and a sam-
ple volume of 60 uL. was employed for each measurement. The following compo-
nents were dissolved in 0.1 M phosphate buffer (pH 7.97) to realize NAND logic
operation: 1 mM ALA, 300 M NADH, 1500 U L= ALT, 250 U L~! GluOx, and
logical ‘0’ and ‘1’ levels of GLU (40 uM and 140 pM) and LDH (150 U L~! and
1000 U L™1). The reagents were mixed in a vial and incubated at 37° C in a heat-
block for varying time periods (described below). Following the incubation period,
methylene green (MG) was added to the solution to achieve a final concentration
of 300 M, and the solution was subsequently mixed and dispensed into the cell. A
chronoamperogram was then recorded for 15 s with a stepped potential to -0.1 V
vs Ag/AgCl. In order to investigate the interference of naturally circulating elec-
troactive substances, 60 uM ascorbic acid (AA), 500 pM uric acid (UA), and 200
uM acetaminophen (AC) were spiked into the cell and the logic system was oper-
ated under the aforementioned protocol. Some constituents of the enzyme cascade
exist within the circulatory system as metabolites, which may influence the proper

operation of the gate. To study the effect of this class of interferents, physiologi-
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cal levels of the following compounds were added to the reaction mixture: 6 mM
LAC, 300 uM ALA, 40 uM PYR, 30 uM NAD™, and 23 uM a-KG. The logic gate
was operated as aforementioned in this study. In the serum experiments, ALA,
NADH, ALT, and GluOx were dissolved in 0.1 M phosphate buffer (pH 7.97), and
logical ‘0’ and ‘1’ levels of GLU and LDH were spiked in the serum sample (27 pL)
to emulate physiological and pathological levels. Following this step, the reagents
(27 pL) were added into the serum sample (1:1, v/v), and incubated for 6 min
at 37° C. The concentrations of these components were identical to the previous
experiments, with the exception of NADH, which was established at 600 pM due
to the decreased electrochemical response in serum. Prior to electroanalysis, MG
(6 pl)was added to the serum-reagent mixture to achieve a final concentration of
300 uM (total volume = 60 uL). Chronoamperograms were finally recorded for 15
s at a potential of -0.1 V vs Ag/AgCL

The output of the NAND gate under investigation is represented by the
concentration of NADH, which should be consumed to a greater degree at the (1,1)
logic level than at any other logic level: (0,0), (0,1), and (1,0). Indeed, it is possible
to detect NADH directly at the glassy carbon electrode (GCE) at a potential of
0.35 V vs Ag/AgCl with decent sensitivity, owing to the favorable oxidation of
NADH at the electrode surface. The exact redox potential for the NADH oxidation
may vary among glassy carbon electrodes and the surface treatment employed to
prepare the surface for use. However, the presence of electroactive interferents in
the serum such as AA, UA, and AC will produce significant levels of interference
at this potential. Therefore, MG was employed as a redox mediator to facilitate
the low potential selective detection of NADH at -0.1 V vs Ag/AgCl. At this low
potential, physiological levels of UA (500 M) and AC (200 uM) exhibited minimal
influence on the current signal. However, physiological level of AA (60 uM) can
produce a small, but perceptible contribution to the current signal, as shown in
Fig. 6.7. Hence, from the results of this study, a potential of -0.1 V vs Ag/AgCl
was selected to determine the quantity of NADH consumed by the gate (with the
addition of MG).

Based on the logic gate machinery, optimal dynamic range between the
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Figure 6.7: Chronoamperograms of potassium phosphate bufter solution, 300
uM NADH in the absence and presence of different electroactive interferents (AA
- ascorbic acid, UA - uric acid, AC - acetaminophen) with the methylene green
(MG) mediator. Applied potential: -0.1 V vs Ag/AgCI.
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pathological level (1,1) and normal or anomalous physiological levels (0,0), (0,1),
and (1,0) can be achieved through the optimization of the reaction conditions.
Such optimization can result in a large difference in the NADH concentration
between the (1,1) logic level and the others, thereby enabling the unambiguous
determination of the injury state due to the establishment of a fixed decision
threshold.

Preliminary experiments were performed in a relatively simple system with-
out GLU and GluOx. Instead, a-KG and LDH were employed as the two inputs.
The logical ‘0’ and ‘1’ levels of a-KG were the same as those for GLU (40 pM and
140 uM). The system also included 1 mM ALA, 300 pM NADH, 4000 U L~ ALT,
and logical ‘0’/‘1’ levels of LDH (150 and 1000 U L), all dissolved in 0.1 M phos-
phate buffer. The effect of pH was studied for this system using optical absorbance
measurements. The consumption profiles of NADH at four combinations of the
logic levels were monitored at 340 nm with respect to time. The optimal pH of ALT
and LDH is around 7.4 [111, 132], and between 7 and 9 for GluOx [133]. Although
a pH 7.40 buffer was firstly selected as the reaction solution, the difference in the
outputs between the logic levels (1,0) and (1,1) was not sufficient to discriminate
them with high fidelity, as can be observed in Fig. 6.8A. Based upon the literature,
we speculate that the activity of LDH in the enzyme cascade is comparatively high
even at logical ‘0’ level [134]. In order to obtain greater differentiation between
the (1,0) and (1,1) logic levels, the pH of the system was adjusted to 7.97. At
this pH, LDH exhibits reduced activity towards its substrate, albeit the activity of
ALT is impacted to a lesser extent. From the optical absorbance profiles displayed
in Fig. 6.8B, the consumption of NADH at the (1,1) level was well separated from
the other logic levels. The pH 7.97 buffer was concomitantly selected as the host
solution for further NAND gate investigations.

The activity of each enzyme employed in the biocatalytic cascade has a
profound influence on the performance of the logic gate. With respect to the gate
under study, one of the three enzymes in the cascade, LDH, serves as one of the
inputs of the gate and its concentration must be established at specific values that

correspond with physiological and pathological levels. The other two enzymes,
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Figure 6.8: Time-dependent optical signals illustrating the effect of pH upon the
functionality of the a-ketoglutarate / lactate dehydrogenase (a-KG/LDH) enzyme
cascade. The following components were dissolved in (A) pH 7.40 and (B) pH
7.97, 0.1 M potassium phosphate buffer: 1 mM alanine (ALA), 300 uM NADH,
4000 U L™! alanine transaminase (ALT), 40 uM (logic ‘0’) or 140 uM (logic ‘1°)
a-KG (37 C), and 150 (‘0°) or 1000 (‘1°) U L=' LDH. The mixture was incubated
at 37° C. Optical absorbance measurements were performed at A\ = 340 nm.
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ALT and GluOx, can be adjusted as desired to obtain satisfactory performance.
Typically, high enzymatic activity can shorten the incubation time and enable
rapid detection of the biomarker inputs. However, the excess usage of enzyme
increases the cost of assay and, more importantly, may impose negative influence
on the performance of the entire system. For example, although incubation time
can be reduced if a greater quantity of ALT is employed in the assay, the elec-
trochemical data indicate that increased ALT levels result in a decreased NADH
electrochemical signal detected by the GCE. When varying concentrations of ALT
are added to the 300 uM NADH solution, the amperometric response of the GCE
is observed to decrease with increasing levels of ALT. As such, by employing ALT
concentrations of 400, 1000, 1500. 2000, and 4000 U L~!, the amperometric re-
sponse to NADH on GCE decreased to 99.1, 89.2, 88.5, 68.3, and 45.4% of the
original value, respectively. Conversely, varying the LDH within the pathophys-
iological range resulted in nearly no change of the amperometric signal obtained
from the experiments. In order to achieve a comparatively fast assay and obtain
a highly-sensitive response, 1500 U L=! ALT was chosen as the final concentra-
tion in the reaction mixture. Meanwhile, the concentration of GluOx was also
optimized. 125, 250, and 500 U L=! GluOx were added to the reagent-enzyme
solution, and the mixture employing 250 U L~! GluOx exhibited optimal perfor-
mance in terms of speed and sensitivity. Thus, 250 U L~! GluOx was chosen for
subsequent investigations.

The incubation time of the enzyme cascade is also a critical parameter that
has profound effect on the operation of the enzyme logic gate. On the one hand, if
the incubation time is not of sufficient duration, the difference between the (1,1)
logic level and the other three would not be large enough to differentiate them
unambiguously. On the other hand, an excessive incubation time would not only
reduce the appeal of the enzyme logic assay methodology, but would also exhaust
the supply of NADH in the cascade, which would also result in detection ambiguity.

Various incubation times (4, 6, and 8 min) were studied using a gate with
fixed enzyme and substrate concentration. The results indicate that a 4 min incu-

bation time will not yield satisfactory discrimination between the physiological and
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pathological logic levels. With an incubation time established at 6 min, optimal
performance is achieved (Fig. 6.9).

Inline with the goal of developing analytical methods that can identify TBI
status (i.e. logic level (1,1)), from other physiological states, and based on the
results obtained above, the pH of the reaction mixture was established at 7.97.
The concentrations of the substrates, co-substrates, co-enzymes, and enzymes in
the cascade were established at optimal levels: 1 mM ALA, 300 pM NADH, 1500
U L' ALT, and 250 U L' GluOx. Subsequent to mixture of these reagents, the
mixture was incubated at 37° C for 6 min. Following incubation, MG was added to
achieve a final concentration of 300 pM. Chronoamperograms were subsequently
recorded for 15 s at -0.1 V vs Ag/AgCl (the oxidation potential exhibiting the
greatest signal-to-noise ratio (SNR)).

Fig. 6.10A displays chronoamperograms obtained at the GCE by the TBI
gate upon application of various input combinations. A sizeable separation between
the chronoamperograms representing the (1,1) logic level and the three other levels
is observed. At 15 s sampling time, the difference in current between the (1,1) and
(1,0) logic levels is 156 nA, as shown in Fig. 6.10B, which enables the unambiguous
determination of the TBI state. The histogram indicates that a straightforward
decision threshold, which was fixed at 276 nA, could be instituted to realize high-
fidelity NAND gate operation.

In order to migrate the enzyme logic gate diagnostic concept to real serum
samples, the effect of various undesired co-existing biomolecules that could pose a
substantial obstacle to achieving high-fidelity detection of the biomarkers must be
investigated in greater detail. Consequently, the relevant physiological interferents
were introduced into the assay and their impact on the logic gate performance was
assessed in detail.

As aforementioned, the presence of electroactive interferents such as AA,
UA, and AC within the serum can exert notable influence upon the detection of
NADH and hence the entire TBI gate. To study the interference of these electroac-
tive compounds, 60 uM AA, 500 uM UA, and 200 uM AC were introduced into

the optimized assay. Indeed, the addition of the electroactive compounds yields a
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Figure 6.11: (A) Chronoamperometric curves generated by the TBI gate upon
application of various combinations of the GLU and LDH logic inputs (in buffer
solution) in the presence of 60 uM AA, 500 uM UA, and 200 uM ACT. Inset rep-
resents the corresponding histogram for the combinations of input signals. Other
conditions are the same as stated in Fig. 4. (B) Chronoamperometric curves
generated by the TBI gate upon application of various combinations of GLU and
LDH input in the presence of 6 mM lactate (LAC), 300 uM ALA, 40 uM pyruvate
(PYR), 30 1M nicotinamide adenine dinucleotide (NAD™), and 23 uM a-KG. In-
set represents the corresponding histogram for the combinations of input signals.
Other conditions are the same as stated in Fig. 6.10.



110

notable change in the chronoamperograms (and corresponding histograms) of the
various input combinations (Fig. 6.11A). While it is apparent that the magnitude
of the background current increased (owing to the contribution of the electroac-
tive substances), the relative difference between the logic levels (1,0) and (1,1)
lessened. However, the absolute difference in current levels was 158 nA, which
provides sufficient margin for differentiation.

Besides the presence of electroactive compounds within the serum sample,
the existence of several other physiologically relevant co-existing compounds that
naturally occur within the circulatory system may also interfere with the proper
operation of the assay, especially those metabolites that serve as substrates and
products of the logic gate. For example, lactate (LAC), a product of the gate, serves
as an indicator of muscular fatigue and injury and has been shown to fluctuate
between 1.6 mM and 6 mM during such events [113]. To investigate the effect of
these metabolites, physiological levels of the following compounds were employed
in the assay: 6 mM LAC, 300 uM ALA, 40 uM PYR, 30 uM NAD™, and 23 M
a-KG. The results indicate that, in the presence of these metabolites, the logic
(0,1) level migrated from the proximity of the logic (0,0) level to near that of
(1,0). Nevertheless, the wide separation between the (1,0) and (1,1) logic levels
(133 nA) enabled the establishment of a fixed decision threshold and unambiguous
distinction between the logic levels (Fig. 6.11B).

To achieve the aim of real-time detection of TBI in clinical samples, the
gate was migrated to operation in human serum. A similar protocol as that lever-
aged for the study in buffer solution was followed for the serum investigation. Four
components of the gate, ALA, NADH, ALT, and GluOx were initially mixed in a
0.1 M phosphate buffer (pH 7.97) host. Thereafter, logic ‘0’ and ‘1’ levels of GLU
and LDH were spiked into serum samples to emulate physiological and pathological
levels. Subsequently, the mixture was added into the spiked serum sample (1:1 in
volume) and the mixture was left to incubate for 6 min at 37° C. Following this
routine, MG was added to the solution and chronoamperograms were recorded.
The biochemical complexity of the serum matrix was found to severely hinder the

detection of NADH. The initial NADH concentration of 300 uM was not of suffi-
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Figure 6.12: (A) Chronoamperometric curves generated by the TBI gate upon
application of various combinations of the GLU and LDH logic inputs in human
serum. (B) Histogram featuring the NAND logic operation for the corresponding
combinations of input signals. Other conditions are the same as stated in Fig. 6.10.

Dashed line indicates the decision threshold for the realization of NAND gate
operation.
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cient level to be detected using both input combinations. This can be attributed
to both the efficient oxidation of NADH in serum and the blockage of the elec-
trode surface by the proteins and other high-molecular weight biochemical species
present in serum. For this reason, the concentration of NADH in the logic gate
system was elevated to 600 M. As shown in Fig. 6.12, at 15 s sampling time, the
differential current magnitude between the (1,1) and (1,0) logic levels was 26 nA.
From the results of six independent experiments, the relative standard deviation
(RSD) of the output signals (using the four logic combinations) was in the range
of 2.50% - 6.44%, which is indicative of good repeatability with respect to the bio-
catalytic operation and electrochemical detection. The histogram indicates that
a fixed decision threshold of 216 nA could be instituted, which yields a straight-
forward and unambiguous diagnosis of pathophysiological status. The results of
serum operation also indicate that the chemical constituents present in serum have
a sizeable effect on the output levels. The differential current magnitude between
the (1,1) logic level and the other three levels is reduced noticeably when com-
pared with the buffer experiments. In particular, the difference in current between
the (1,1) logic and (1,0) logic levels in serum is only one-sixth of that in buffer
solution. However, the relative difference is still sufficiently large to produce an
unambiguous determination of TBI, owing to the small RSD achieved.

A rapid amperometric assay for TBI screening in real human serum samples
has been designed and evaluated. A biocatalytic cascade operating in analogous
fashion to a NAND Boolean logic gate has been designed, optimized, and charac-
terized to process relevant fluctuations in the levels of the serum-based biomarkers
glutamate and lactate dehydrogenase. Upon detecting pathological levels of both
biomarkers that exceed a pre-defined threshold taken from clinical data, the gate is
able to trigger an immediate alert. Moreover, the gate has been shown to mitigate
the effect of physiological and electroactive sources of interference that are nor-
mally found circulating alongside the biomarkers of interest. Owing to its robust
design, the biocatalytic cascade has been extended to operation in real human
serum samples and is shown to function as intended at all logic states ascribed

by a truth table. For this reason, the concept presented in this study embodies
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considerable potential for enabling the rapid assessment of TBI through a simple
glucose-like blood test, eventually leading to blood glucose-like evaluation. As a
result of the unification of robust amperometric techniques with new paradigms in
the biocomputing domain, the presentation of a rapid assessment of TBI is facil-
itated, thereby opening new avenues to the detection of this injury in the acute
phase. Further improvements, along with intensive clinical validation, are required
before decentralized TBI testing can be achieved and employed for improving sur-

vival rates as well as the management of this debilitating condition.

6.3 High-fidelity determination of security haz-

ards via Boolean biocatalytic cascades

Threat detection is a critical element in preventing terrorist attacks. Innova-
tive sensor technology is thus urgently needed for the reliable and rapid assessment
of threats imposed by chemical agents [135]. Most of the efforts towards this objec-
tive have focused on the development of field-based analytical instrumentation for
the determination of trace levels of a single hazardous chemical compound [136].
However, despite considerable efforts in security screening technologies, there still
remains an urgent need for an easy-to-use field-deployable kit that can assess mul-
tiple chemical threats (i.e. explosives and nerve agents) in a rapid manner and
alert the operator when a hazard has been encountered [137].

A novel biocatalytic cascade has been introduced that is able to assess the
presence of different types of threats in a rapid and reliable manner. Such unique
bioprocessing of distinct classes of threat agents is illustrated for the first time
for the detection of various nitroaromatic explosives and organophosphate nerve
agents using an enzyme-based logic gate. In this manner, a simple assay can
replace two different time-consuming test protocols commonly used for assessing
each of these unique threats. Molecular substrates have been utilized as inputs to
devices that exploit chemical computation [138, 139, 140]. Biocatalytic cascades
that take the form of enzyme logic gates represent an attractive route for developing

high-fidelity analytical devices [47, 108]. By forming biochemical cascades that
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Figure 6.13: (A) Biocatalytic cascade used to perform NOR logic operation in
connection to trinitrotoluene (TNT) and paraoxon (PAX) inputs; (B) the equiv-
alent logic system, and (C) the corresponding truth table with assessment drawn
from the combinations of the input signals.

implement logical functions, according to Boolean principles, a threshold can be
established above or below which a reliable indication of an abnormal event can
be detected. A distinct advantage of enzyme logic gates is embodied in their
innate ability to integrate several inputs and yield a rapid assessment of complex
sensing scenarios in simple “YES’/‘NO’ terms. Such biocatalytic logic gates have
recently been demonstrated to yield XOR [43] and NAND [134] operations, as
well as higher-order logical functions in connection with several pathophysiological
situations [128]. In the following section, the bioprocessing of distinct classes of
threat agents via a NOR gate is illustrated, which can lead to a rapid ‘YES’/‘NO’
assessment and alert regarding the presence of either explosives and/or nerve agents
in connection with the electrochemical monitoring of a single output at a disposable

screen printed electrodes (SPE).
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Figure 6.14: (A) Cyclic voltammogram recoded at the PB-modified SPE in 50
mM phosphate buffer (pH 7.2); scan rate: 50 mV s~'. (B) Chronoamperograms
recorded for the detection of HyOy at SPE (a — g: 0 uM to 150 uM, in 25 uM
steps) in 50 mM phosphate buffer; Eapp = -0.2 V vs Ag/AgCl. (C) Calibration
curve generated from (B).

The present system is able to detect the presence of different security-
relevant analytes, compared to conventional biosensors that commonly analyze
only one specific substrate. The new enzyme logic capability is evaluated and illus-
trated using 2,4,6-trinitrotoluene (TNT) and paraoxon (PAX) as the model inputs
to a NOR gate, as well as towards the detection of the 2,4-dinitrotoluene (DNT)
explosive and methyl parathion (MPT) nerve agent. The enzyme logic approach
harnesses the inherent selectivity of biocatalytic processing, thereby mitigating
cross-reactivity and making the separation requirement unnecessary, leading to
a greatly simplified and rapid assay. In this fashion, a qualitative alert can be
tendered to the operator in regards to the presence of harmful agents. This ap-
proach is particularly attractive to address screening scenarios aimed to determine
the presence of a harmful agent rather than to identify the exact nature of such
threat.

As illustrated in Fig. 6.13A, the new logic gate employs a reaction cascade
catalyzed by four enzymes: nitroreductase (NRd, E.C. 1.6.99.3), horseradish perox-
idase (HRP, E.C. 1.11.1.7), acetylcholinesterase (AChE, E.C. 3.1.1.7), and choline
oxidase (ChOx, E.C. 1.1.13.17). The four enzymes are leveraged as the backbone
of the catalytic logic gate in order to process the TNT and PAX chemical inputs.
On the right side of Fig. 6.13A, HyO, is produced from the catalytic coupling of
AChE/ChOx and acetylcholine. On the left side, HyOs is partially depleted in the
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presence of the nitroaromatic explosive substrate through a NRd/HRP biocatalytic
cascade. An enabling feature of the cascade is the fact that the HyO5 level can also
be reduced through the inhibition of AChE by an organophosphate nerve agent.
Fig. 6.13B shows the equivalent logic gate of the cascade whereby HyOs is used as
the output signaling compound. Accordingly, as can be seen from the truth table
in Fig. 6.13C, a decrease in the HyO, level (and hence the current output) below a
selected decision threshold is indicative of a “Hazardous” situation corresponding
to the presence of an explosive and/or nerve agent, in line with the operation of a
Boolean NOR . gate.

The fabrication of screen printed electrodes has been described earlier. The
generation of an oxidizable hydroxylamine product (from the NRd enzyme) neces-
sitates lowering of the detection potential of the HyO5 output. Modification of the
SPE transducer with a Prussian Blue (PB) mediator offers effective and selective
H505 detection at an extremely low potential. Accordingly, SPEs were prepared
in accordance with the procedure detailed by Karyakin et al [141]. Briefly, a 0.1
M KC1 / 0.1 M HCI solution was prepared and the appropriate quantity of both
K3Fe(CN)g and FeCly were dissolved in this solution in order to achieve 4 mM
final concentration of each of these compounds. This solution was subsequently
dispensed on the SPE and 0.4 V vs Ag/AgCl was applied for 2 min to the working
electrode. After this step, the electrode was cured at 100° C for 1 hr in a convection
oven. The PB-modified SPE was then electrochemically activated by performing
40 cyclic voltammetric scans from -0.2 V to 0.5 V vs Ag/AgCl in the 0.1 M KCI
/ 0.1 M HCI solution.

Based on the cyclic voltammetric characterization of the PB-modified SPE
(provided in Fig. 6.14), a potential of -0.20 V vs Ag/AgCl was selected for the
detection of HyO,, thereby minimizing potential electroactive interference and po-
tential false results. Fig. 6.14A shows the cyclic voltammogram recorded using the
PB-modified SPE in 50 mM phosphate buffer (pH 7.2) at a scan rate of 50 mV
s7!. A pair of redox peaks is observed at FE,. = -0.140 V vs Ag/AgCl and E,, =
-0.056 V vs Ag/AgCl, which is characteristic of PB electrochemistry. Further, the
electrocatalytic activity of the PB-modified SPE was evaluated towards the reduc-
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Figure 6.15: Gate mapping illustrating the functional dependence between the
levels of the TNT and PAX inputs and the output current obtained. The output
currents are sampled using chronoamperometry (30 s) with inputs levels of 0,
5, 25, 100 (ug mL™" and uM for TNT and PAX, respectively). The 2D linear
interpolation was performed using a 20x oversampling algorithm in MATLAB®).
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tion of HyO,. Fig. 6.14B displays the chronoamperograms recorded for increasing
concentrations of HyOq (0 uM to 150 uM, in 25 uM increments). The correspond-
ing calibration plot is shown in Fig. 6.14C. The current was sampled at ¢t = 60 s,
and a linear regression shows a high degree of correlation among increasing levels
of HyO4 with a correlation coefficient of 0.998 (n = 3). The resulting PB-modified
electrode strip offers highly selective and sensitive measurements of HyOy down to
the 5 uM level (Fig. 6.14B and C).

50 mM phosphate buffer (pH 7.2) containing 5000 U L' NRd, 300 kU
L~! HRP, 150 M reduced nicotinamide adenine dinucleotide (NADH), 100 U L}
AChE, and 5000 U L=! ChOx was mixed with the desired concentrations of TNT
and PAX to obtain the corresponding (0,0), (0,1), (1,0), and (1,1) logic levels.
Following a 2 min inhibition period, 1 mM acetylcholine (ACh) was added and
then incubated further for an additional 5 min to allow the reaction to ensue.
The solution was then dispensed onto the electrode surface. Chronoamperometric
detection of the HyOy product was performed at the PB-modified SPE at a step
potential of -0.2 V vs Ag/AgCl) and the current value was extracted at the 30" s.
Experiments were performed at least three times at each concentration to ensure
the integrity of the results.

To validate the operation and optimize the performance of the constituent
reactions of the logic gate, the complete system was mapped (via amperometric
measurements) by ‘scanning’ the concentrations of the TNT and PAX inputs from
0 pg mL™! to 100 pug mL~" and 0 uM to 100 uM, respectively. The data points
were subsequently interpolated to generate the smooth contour profile shown in
Fig. 6.15. As expected for the operation of logic gates, the gradient of the current
response Vi([TNT],[PAX]) is maximized in the absence of both inputs (maximum
current of 0.54 pA). In accordance with the operational functionality of a NOR
gate, minor (low micromolar) increases in the levels of either of threat input yielded
a dramatic decrease in the current response to less than 0.20 pA.

Four distinct operating points were selected from the gate mapping pre-
sented in Fig. 6.15 for further evaluation to validate that the behavior of the gate

system at a given operating point was in agreement with its corresponding truth
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Figure 6.16: (A) Chronoamperograms of the NOR enzyme logic gate corre-
sponding to the [TNT (ug mL™'), PAX (uM)] = (a) [0,0], (b) [0,10], (c) [10,0],
and (d) [10,10] inputs for three independent trials. (B) Bar chart comparing the
magnitude of the response for the four combinations of the inputs. (C) Bar chart
of the NOR gate operating at its limit of detection for the four logic levels (TN,
PAX) = (0,0), (0,1), (1,0), and (1,1) for three independent trials. The ‘0’ logic
levels of both TNT and PAX represent the absence of these compounds in the
assay while the ‘1’ level corresponds to 1.5 ug mL™' TNT/1.25 uM PAX. The
dashed line indicates the decision threshold (0.49 pA).

table. As such, chronoamperometry was performed for all four combinations of
TNT/PAX corresponding to 0 ug mL~! and 10 ug mL~1/10 uM. Fig. 6.16A eluci-
dates that a NOR behavior is obtained for [TNT (ug mL™1), PAX (uM)] = [0,0],
[0,10], [10,0], and [10,10], with the [0,0] ‘Safe’ level isolated from the other concen-
trations by 0.29 pA (sampling at 30 s). The corresponding bar chart, shown in
Fig. 6.16B, illustrates the large dynamic range associated with the selected levels,
along with a low standard deviation of 15 nA.

In order to demonstrate the versatility of the enzyme logic gate and its
ability to process a wide array of inputs, the study was extended for the detection
of other threats, such as the DNT explosive and MPT nerve agent. Fig. 6.17
illustrates the performance of the NOR gate in connection to various combinations
of the TNT, PAX, DNT, and MPT inputs. DNT yielded a decrease in the HyO,
concentration comparable to TNT, owing to the broad catalytic specificity of NRd
toward nitroaromatic substrates. MPT was slightly less inhibitive toward AChE
than PAX, resulting in a 14% increase in the HyOs level (compared with equivalent
levels of PAX), although the dynamic range between the levels remained high. It
should be noted that the proposed biocatalytic cascade exhibits broad specificity
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Figure 6.17: Bar charts representing the magnitude of the response for four
different combinations of the inputs [Input 1 (ug mL™'), Input 2 (uM)] = (A)
[TNT, PAX]; (B) [DNT, PAX]; (C) [TNT, MPT] and (D) [DNT, MPT]. The

output current has been normalized to facilitate comparison.

for substrates that comprise the nitroaromatic and organophosphate classes of
compounds. Therefore, it is expected that the enzyme logic gate will function
reliably for most of the compounds (explosive and nerve agent) that present a
security hazard.

The first example of an enzyme logic gate able to issue a digital alert when
assessing the presence of both explosive compounds and nerve agents has been
presented. Leveraging NOR logic gate operation, an analytically relevant thresh-
old could be implemented in accordance with a truth table in order to provide a
qualitative “YES’/‘NO’ alert regarding the presence of different types of threats.
The concept could be readily expanded towards rapid warning of other threats in
connection to different logic gates, and should be coupled with a follow-up identifi-
cation of the exact threat. The high sensitivity of the PB mediator towards HyO4
also facilitates the direct screening of peroxide -based explosives using the same
field-deployable SPE assay (but without the logic gate machinery). The ability
to assess the presence of different types of hazards holds considerable promise for

enhancing and simplifying a variety of security screening protocols.

Portions of Chapter 6, section 1 were taken from J.R. Windmiller, G. Strack,
M.C. Chuang, J. Halamek, P. Santhosh, V. Bocharova, J. Zhou, E. Katz, and
J. Wang. Boolean-format biocatalytic processing of enzyme biomarkers for the

diagnosis of soft tissue injury. Sensors and Actuators B, 150(1):285-290, 2010. The
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Portions of Chapter 6, section 2 were taken from N. Zhou, J.R. Windmiller,
G.V. Ramirez, M. Zhou, J. Haldmek, E. Katz, and J. Wang. Enzyme-based NAND
gate for rapid electrochemical screening of traumatic brain injury in serum. Ana-
lytica Chimica Acta, 703(1):94-100, 2011. The dissertation author was a co-author
of the manuscript and had substantial original contributions to this work.
Portions of Chapter 6, section 3 were taken from M.C. Chuang, J.R. Wind-
miller, P. Santhosh, G.V. Ramirez, E. Katz, and J. Wang. High-fidelity determi-
nation of security threats via a Boolean biocatalytic cascade. Chemical Commu-
nications, 47(11):3087-3089, 2011. The dissertation author was a co-author of the

manuscript and had substantial original contributions to this work.



Chapter 7

Systems-level considerations

The pessimist sees difficulty in every opportunity.
The optimist sees the opportunity in every difficulty.

—Winston Churchill

With a toolbox of proven, physiologically-relevant enzyme logic gates avail-
able at the designer’s disposal, efforts must ultimately be directed at scaling the
technology to enable increased processing capabilities and robustness. In this vein,
the construction of useful enzyme logic-based systems demand that certain func-
tionality (i.e. multiplexing, switching) and performance metrics (such as noise and
dynamic range) are carefully considered in the design process, in direct analog to
the aggregation of conventional logic gates into utilitarian digital systems. Ac-
cordingly, efforts were aimed at further increasing the level of sophistication and
performance of the aforementioned logic gates via design, modeling, and optimiza-

tion iterations to achieve the desired operational criteria.

7.1 Multiplexing of injury codes for the parallel
operation of enzyme logic gates

Recent demonstrations of enzyme logic gates [27, 28, 29, 30, 31] and their
networks [142, 143, 144, 145] have shown substantial potential for the determina-

tion of conditions characteristic of hemorrhagic shock (HS) and traumatic brain

122



123

injury (TBI) [42, 43]. Despite the current state-of-the-art in this field [108, 146],
only single sensors / single gates have been proposed for injury diagnosis [47].
An array-like concept employing multiple enzyme logic gates would enable high-
fidelity diagnosis while benefiting from the parallelization and inclusion of further
diagnostic capabilities that a biosensor array provides. A cornerstone merit of en-
zyme logic-based sensors lies in the reduced complexity of the electronic backbone
required for the determination of a pathophysiological state through the utilization
of biocatalytic information processing.

A novel biocomputing ‘injury coding’ diagnostic technique has been devel-
oped that can multiplex multiple injuries and assign each pathophysiological state
a distinct ‘injury code’, thereby enabling highly parallelized operation in the dig-
ital domain while minimizing the complexity of the analog electronic integration
required for multiple-potentiostat electrochemical devices. Due to the Boolean na-
ture of the enzyme logic concept [27, 28, 29, 30, 31], all normal physiological states
(upon implementation of the AND logic operation) can be ascribed a logical ‘0’
value in the biochemical domain, which accounts for most of the injury combi-
nations, prior to the transduction of the signals to the electrical domain. Only
pathological conditions causing a change in the outputs relative to a pre-defined
threshold level would result in a logical ‘1’ value, thereby alleviating the complex
decision routines that must be performed in the electronic domain. It should be
noted that the inverted logic values ‘1’ and ‘0’ should be applied for normal and
pathological conditions, respectively, upon application of the NAND logic oper-
ation. As such, n outputs can be multiplexed into an n-bit word or ‘injury code’
for a comprehensive assessment of health conditions. A unique ‘injury code’ can
thus be ascribed to a specific pathophysiological state in accordance with a truth
table. A simple look-up table in digital logic circuitry could thus be employed to
determine which injuries, if any, have been sustained in accordance with this dis-
tinct sequence of bits. In this manner, an array of n individual dual-input enzyme
logic gates (each evaluating a separate injury) can assess 2" possible pathological
conditions among 22" possible physiological states. The new concept represents

the first demonstration of the parallelization of enzyme logic gates applied to diag-
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Figure 7.1: Enzyme cascades, equivalent logic gates, and truth tables correspond-
ing to six unique injuries: soft tissue injury (STI), traumatic brain injury (TBI),
liver injury (LI), abdominal trauma (ABT), hemorrhagic shock (HS), and oxidative
stress (OS).

nostic merits, as well as the simultaneous multiplexing of the outputs of multiple
logic gates in the biochemical domain into a binary injury code.

To illustrate the new concept and in accordance with the goal of rapid
and reliable diagnosis of multiple injury states, an array of two NAND and four
AND enzyme logic gates is assembled, as illustrated in Fig. 7.1. Six different
pathological conditions are assessed including soft tissue injury (STI), traumatic
brain injury (TBI), liver injury (LI), abdominal trauma (ABT), hemorrhagic shock
(HS), and oxidative stress (OS) using twelve biomarker inputs. Optical absorbance
and amperometric characterization of the six-gate system are conducted in order
to verify compliance with a truth table as well as to ensure proper differentiation

between the logical ‘0’ and ‘1’ output levels. The outputs of the six logic gates
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were subsequently multiplexed to yield a distinct 6-bit injury code representing 64
unique pathological conditions among 4096 possible physiological scenarios. This
leads to an additional (comprehensive) level of information on the overall nature
of the injury, beyond the assessment of individual injuries performed by the indi-
vidual gates. The system integration of clinically relevant enzyme logic gates and
the subsequent multiplexing of their outputs into a cohesive injury code thus offer
great promise for the rapid, reliable, and decentralized assessment of multi-injury
and polytrauma conditions that typically occur in the battlefield (compared to
traditional biosensing schemes). It should be noted that the system is comprised
of separate channels individually tailored for specific biomedical needs. The mod-
ularity of the system allows for straightforward reconfiguration of the constituents
to enable the device to adapt, expand, and meet new requirements and applica-
tions. The potential of the new modular biocomputing coding concept extends
beyond the diagnosis of multiple injuries, as the concept could be readily extended
for the reliable assessment of a wide array of other practical real-world scenarios
involving multiple chemical changes.

The fabrication of the screen printed electrodes (SPEs) has been detailed
in previous studies. Among pervasive battlefield injuries, STI, TBI, LI, ABT, HS,
and OS are the most common sustained by soldiers in combat [147, 148, 149, 150],
and were employed as the model injuries in this experimental study.

1.) Soft tissue injury (STI). Glycine-glycine buffer, 50 mM, with 6.7
mM Mg(CH3COQO), was titrated by KOH to pH 7.95 and employed as a back-
ground solution (note that Mg?t and KT cations are essential for activation of
creatine kinase (CK, E.C. 2.7.3.2) and pyruvate kinase (PK, E.C. 2.7.1.40), re-
spectively). The following components were dissolved in this solution to perform
the NAND logic operation: reduced nicotinamide adenine dinucleotide (NADH,
0.3 mM), bovine serum albumin (BSA, 0.03 % w/v), adenosine triphosphate (ATP,
2 mM), phosphoenolpyruvate (PEP, 0.5 mM), PK (2 U mL™!), creatine (15 mM).
Logical ‘0’ and ‘1’ levels of CK (0.1 and 0.71 U mL™') and lactate dehydroge-
nase (LDH, E.C. 1.1.1.27, 0.15 and 1 U mL™!) input signals were applied to the

logic system in order to realize meaningful circulating levels of these biomarkers.
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Immediately following mixture, optical absorbance measurements were recorded
continuously for 300 s at A = 340 nm. The solutions for the electrochemical mea-
surements were incubated for 180 s at 37° C, then a methylene green (MG) redox
mediator (0.3 mM) was added to catalyze the electrochemical oxidation of NADH
on the SPE, and a chronoamperogram was recorded at E = 0.0 V vs Ag/AgCl.

2.) Traumatic brain injury (TBI). Potassium phosphate buffer, 50 mM,
pH 7.4, containing glutamate oxidase (GlOx, E.C. 1.4.3.11, 1 mU mL~!) and MP-
11 (0.44 pM for optical and 5 uM for electrochemical measurements) was utilized to
perform the AND logic operation. Logical ‘0" and ‘1’ levels of norepinephrine (NE,
2.2 nM and 3.5 uM) and glutamate (GLU, 40 uM and 140 M) were applied to the
logic system in order to realize meaningful circulating levels of these biomarkers.
The norepiquinone (NQ) produced in situ was optically measured at A = 487 nm.
Chronoamperometric detection of NQ was performed on the SPE at E = -04 V
vs Ag/AgCl.

3.) Liver injury (LI). Tris(hydroxymethyl)aminomethane-hydrochloride
(TrisHCI1) buffer, 100 mM, pH 7.4, was employed as a background solution. IL-
alanine (L-ALA, 200 mM), a-ketoglutarate (KTG, 10 mM), and NADH (136 puM)
were dissolved in this solution to perform the NAND logic operation. Logical ‘0’
and ‘1’ levels of alanine transaminase (ALT, E.C. 2.6.1.2, 0.02 and 0.2 U mL™)
and LDH (0.15 and 1 U mL™!) input signals were applied to the logic system in
order to realize meaningful circulating levels of these biomarkers. The output signal
corresponding to the decreasing concentration of NADH was measured optically at
A = 340 nm. The solutions for the electrochemical measurements were incubated
for 180 s at 37° C; chronoamperograms were recorded at a bare glassy carbon (GC)
electrode at an applied potential of E = 0.8 V vs Ag/AgCl.

4.) Abdominal trauma (ABT). Potassium phosphate buffer, 50 mM
(pH 7.15 for optical or pH 7.40 for electrochemical measurements), containing
0.2 mM MgCly, 0.01 mM CaCl,, and NADT (10 mM for optical or 1 mM for
electrochemical measurements), was used to perform the AND logic operation.
Logical ‘0’ and ‘1’ levels of LDH (0.15 and 1.0 U mL™!) and lactate (LAC, 1.6

and 6.0 mM) input signals were applied to the logic system in order to realize
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meaningful circulating levels of these biomarkers. The output signal corresponding
to the formation of NADH was measured optically at A = 340 nm. The mixture for
electrochemical measurements was incubated for 180 s at 37° C, then the MG redox
mediator (0.3 mM) was added to catalyze electrochemical oxidation of NADH and
a chronoamperogram was recorded at E = 0.1 V vs Ag/AgCl.

5.) Hemorrhagic shock (HS). Potassium phosphate buffer (50 mM, pH
7.4 for optical or 100 mM, pH 7.0 for electrochemical measurements) containing
glucose oxidase (GOx, E.C. 1.1.3.4, 2 mU mL™!') and microperoxidase-11 (MP-11,
0.44 puM for optical and 5 uM for the electrochemical measurements) was used to
perform the AND logic operation. Logical ‘0" and ‘1’ levels of norepinephrine (NE,
2.2 nM and 3.5 pM) and glucose (GLC, 4 mM and 26 mM) were applied to the
logic system in order to realize meaningful circulating levels of these biomarkers.
The norepiquinone (NQ) produced in situ was measured optically at A = 487 nm.
Chronoamperometric detection of NQ was performed on the SPE at E = -0.4 V
vs Ag/AgCl.

6.) Oxidative stress (OS). Citrate buffer (50 mM, pH 5.0) was employed
as the background solution. 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB, 2 mM)
and reduced nicotinamide adenine dinucleotide phosphate (NADPH, 180 uM) were
dissolved in this solution to perform the AND logic operation. Logical ‘0" and
‘1’ levels of glutathione disulfide (GSSG, 150 uM and 400 pM) and glutathione
reductase (GR, E.C. 1.8.1.7, 0.55 U mL~! and 0.65 U mL™!) input signals were
applied to the logic system in order to realize meaningful circulating levels of these
biomarkers. Optical analysis of the reduced glutathione (GSH) produced in situ
was performed at A\ = 412 nm for 60 s. Electrochemical analysis of GSH was
performed by chronoamperometric measurements at E = 0.5 V vs Ag/AgCl on a
cobalt phthalocyanine (CoPC)-modified SPE.

The concentrations of the biomarker input used for the activation of the
logic gates are summarized in Tab. 7.1.

The new concept of parallel and multiplexed enzyme logic gates is illustrated
here in connection to a multi-injury diagnosis. Such biocomputing-based compre-

hensive diagnosis of multiple injury conditions harnesses the processing capabilities
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of six individual enzyme logic gates, realizing NAND and AND operations, for
the detection of STI, TBI, LI, ABT, HS, and OS using clinically relevant combi-
nations of the biomarkers: CK, LDH, NE, GLU, ALT, LAC, GLC , GSSG, and
GR [103, 104, 151, 152, 153, 154, 155, 156, 157]. The output of each logic gate was
subsequently integrated as one of the constituents of the injury code-generating
system to enable a high-fidelity assessment of multiple injury conditions and hence
a comprehensive analysis of the scope of injury.

Upon the optimization of the design parameters, the four unique combina-
tions of the two biomarker inputs to each individual logic gate resulted in distin-
guishable patterns of its respective output. For two of the gates, and in accordance
with the NAND gate operational functionality, logical ‘0’ and ‘1’ levels of the in-
put biomarkers, corresponding to normal or anomalous physiological conditions,
respectively ((Input 1, Input 2) = (0,0), (0,1), and (1,0)), resulted in an output
of logical ‘1’. On the other hand, logical ‘1’ levels of both of the biomarkers (Input
1, Input 2) = (1,1) caused the output state to change from ‘1’ to ‘0’, indicating
that an injury has occurred. It should be noted that the logic output signal ‘0’
generated by the NAND gate and corresponding to a positive diagnosis does not
imply that the signal is truly at a zero level. Rather, a ‘0’ output implies that the
system has transitioned from a state producing a signal of high magnitude to one
that yields a low-level signal. In this regard, the logic output signal ‘1’ indicates
that the output signal is unchanged. The remaining four AND gates functioned
under a logical inversion of the above operation. In this manner, logical ‘0’ and ‘1’
levels of the input biomarkers, corresponding to normal or anomalous physiological
conditions, respectively ((Input 1, Input 2) = (0,0), (0,1), and (1,0)), resulted in
an output of logical ‘0’ whereas logical ‘1’ levels of both of the biomarkers (Input
1, Input 2) = (1,1) caused the output state to change from ‘0’ to ‘1’, thereby
signifying that an injury has been sustained. Overall, the digital outputs of the
six logic gates can be subsequently multiplexed to yield a comprehensive 6-bit in-
jury code (e.g., 001101), corresponding to 64 unique pathological conditions (i.e.,
various combinations of six unique injuries).

With respect to each logic gate, the concentrations of the reagents that
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Figure 7.2: Optical (left) and electrochemical (right) response generated by the
(A) STINAND, (B) TBI AND, (C) LI NAND, (D) ABT AND, (E) HS AND,
and (F) OS AND logic gates upon various combinations of the input biomarkers
(0,0) (black), (0,1) (blue), (1,0) (green), and (1,1) (red). Optical absorbance
measurements were performed at X\ = 340 nm, 487 nm, 340 nm, 340 nm, 487
nm, and 412 nm for the STI, TBI, LI, ABT, HS, and OS gates, respectively.
Electrochemical chronoamperograms were performed at E = 0.0 V, -0.4 V, 0.8 V,
0.1V,-04V,and 0.5V vs Ag/AgCl for the STI, TBI, LI, ABT, HS, and OS
gates, respectively.
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served as the machinery (and not as inputs) were individually tailored to yield op-
timal dynamic range between the pathological level (1,1) and normal or anomalous
physiological levels not related to injuries (0,0), (0,1), and (1,0). This enabled
the unambiguous determination of the injury state (when the output signal ‘0’ is
generated by the NAND gate and ‘1’ by the AND gate) due to the establish-
ment of a fixed decision threshold. With respect to both gate archetypes, only
the simultaneous presence of elevated levels of both inputs would trigger a posi-
tive diagnosis. On the other hand, the output signal ‘1" in the NAND topology
and ‘1’ in the AND embodiment imply extraneous pathophysiological states rang-
ing from healthy conditions to various physiological anomalies not related to the
injuries under investigation.

It should be noted that application of logic ‘0’ and ‘1’ input values cor-
responding to the physiologically relevant concentrations of the injury biomark-
ers required substantial optimization of the enzyme-based logic gates. For some
of the injury scenarios under study, the concentration differential between logic
‘0’ and ‘1’ values was quite narrow, implying strict limitations to the thresh-
old values. Thus, the design of the logic gate required a more careful consider-
ation and optimization of the assay parameters compared with logic gates em-
ployed in previous studies, whereby logic ‘O’ and ‘1’ values were represented by
truly zero and arbitrarily high concentrations of the input signals, respectively
(27, 28, 29, 30, 31, 142, 143, 144, 145].

Soft tissue injury (STI):

Soft tissue injuries are among the most pervasive injuries sustained in com-
bat and can be difficult to identify in numerous circumstances [158]. Among clin-
ically established indicators of STI, serum CK and LDH have been routinely em-
ployed in the assessment of muscular exertion, fatigue, injury, and trauma [103].

Commencing experiments using optical assay methods, Fig. 7.2A (left) dis-
plays the optical absorbance of the NAND gate at A = 340 nm. A large differenti-
ation between pathological and physiological logic levels is observed, reflecting the
rapid enzymatic reaction. From the corresponding bar chart (Fig. 7.3A (left)), con-
structed using the data at 300 s, the (CK,LDH) = (1,1) logic level was separated
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Figure 7.3: Optical (left) and electrochemical (right) bar charts obtained by sam-
pling the output of the (A) STI NAND, (B) TBI AND, (C) LI NAND, (D)
ABT AND, (E) HS AND, and (F) OS AND logic gates upon various combina-
tions of the input biomarkers (0,0), (0,1), (1,0), and (1,1). Optical absorbance
measurements were extracted at t = 300 s, 200 s, 150 s, 200 s, 100 s, and 60
s for the STI, TBI, LI, ABT, HS, and OS gates, respectively. FElectrochemical
chronoamperograms were sampled at t = 60 s, 60 s, 60 s, 10 s, 60 s, and 30 s for
the STI, TBI, LI, ABT, HS, and OS gates, respectively. Dashed lines indicate the
decision threshold for the realization of Boolean logic gate operation.
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by more than 0.52 O.D. from the nearest logic level. An explicit decision thresh-
old could hence be established at 0.49 O.D., leading to highly reliable NAND
operation.

In accordance with the goal of low-cost decentralized screening of STI and
developing compact analytical devices, the aforementioned protocol was subse-
quently migrated to the amperometric domain using a disposable SPE. Towards
this goal, chronoamperometric measurements were performed for each combination
of input signals with MG added to the assay, enabling the low-potential detection
of NADH, hence minimizing potential electroactive interference. The detection
potential was established at 0.0 V vs Ag/AgCl to maximize the signal-to-noise
ratio (SNR) figure of merit. Chronoamperograms are shown in Fig. 7.2A (right)
which were obtained at the carbon SPE by the NAND gate upon application
of various input combinations. At 60 s sampling time, the difference in current
between the (CK,LDH) = (1,1) logic and (1,0) logic levels was 27 nA, as shown
by the bar chart, Fig. 7.3A (right). As in the optical experiments, the bar chart
indicates that a straightforward decision threshold could be instituted to realize
high-fidelity NAND gate operation. This threshold was fixed at 135 nA.

Traumatic brain injury (TBI):

Traumatic brain injuries are among the most debilitating injuries suffered
in the battlefield [159] and have garnered much recent attention due to the wide
range of symptoms and characteristics presented by individuals suffering from the
condition [160]. NE, a catecholamine hormone neurotransmitter, and GLU, an
amino-acid excitatory neurotransmitter, are among the most widely employed in-
dicators of neurological damage and trauma [152].

Commencing experiments using optical assay methods, Fig. 7.2B (left) dis-
plays the optical absorbance of the ANND gate at A\ = 487 nm. As with the STI
gate, a large differentiation between pathological and physiological logic levels is
observed, reflecting favorable enzyme kinetics. From the corresponding bar chart
(Fig. 7.3B (left)) constructed using the data at 200 s, the (NE,GLU) = (1,1) logic
level was separated by 6.65 mO.D. from the nearest logic level. An explicit deci-

sion threshold could hence be established at 10.96 mO.D., leading to highly reliable
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AND operation.

The aforementioned protocol was subsequently migrated to the ampero-
metric domain using a disposable SPE. Accordingly, chronoamperometric mea-
surements were performed for each combination of the input signals with the con-
centration of NQ serving as the output indicator. The detection potential was
established at -0.4 V vs Ag/AgCl for SNR considerations. Chronoamperograms
are shown in Fig. 7.2B (right) which were obtained at the carbon SPE by the AND
gate upon application of various input combinations. At 60 s sampling time, the
difference in current between the (1,1) logic and (0,1) logic levels was 13 nA, as
shown by the bar chart in Fig. 7.3B (right). As in the optical experiments, the
bar chart indicates that a straightforward decision threshold could be instituted
to realize high-fidelity AND gate operation, which was established at 30 nA.

Liver injury (LI):

Screening of liver injury has routinely been employed in the clinical lab-
oratory through enzyme-based assay tests [161] to assess sepsis — a secondary,
but life-threatening condition arising due to such injuries [162]. This injury is
especially prevalent in combat situations whereby damaged organs cause foreign
matter to enter and circulate in the bloodstream [163]. Serum ALT and LDH have
enjoyed widespread use as enzyme biomarkers in such assays [154] and are well-
suited for integration as input biomarkers and enzyme backbones to the enzyme
logic machinery.

Commencing experiments using optical assay methods, Fig. 7.2C (left) dis-
plays the optical absorbance of the NAND gate at A = 340 nm. A large differ-
entiation between pathological and physiological logic levels is observed, again a
result of enhanced enzyme activity. From the corresponding bar chart (Fig. 7.3C
(left)) constructed using the data at 150 s, the (ALT,LDH) = (1,1) logic level was
separated by 0.52 O.D. from the nearest logic level. An explicit decision threshold
could hence be established at 0.52 O.D., yielding the expected NAND operation.

Electrochemical experiments were subsequently executed by employing a
bare GC electrode. Accordingly, chronoamperometric measurements were per-

formed for each combination of the input signals and the level of NADH consumed
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was monitored at 0.8 V vs Ag/AgCl. Chronoamperograms are shown in Fig. 7.2C
(right) obtained at the GC electrode by the NAND gate upon application of var-
ious input combinations. At 60 s sampling time, the difference in current between
the (1,1) and (1,0) logic levels was 1.3 pA, as shown by the bar chart in Fig. 7.3C
(right). As in the optical experiments, the bar chart validates that a decision
threshold could be unambiguously implemented to realize high-fidelity NAND
gate operation, which was established at 6.0 pA.

Abdominal trauma (ABT):

As with liver injury, severe abdominal trauma frequently results in sepsis
and must be addressed with little or no delay in order to improve survival [164]. In
addition, ABT is another example of a common battlefield injury which has been
linked to high mortality rates [165]. Serum LAC and LDH are well-established
biomarkers of such injury [103, 104] in addition to serving extensive use in assays
[166].

Initially, optical experiments were conducted and Fig. 7.2D (left) displays
the optical absorbance of the ANND gate at A = 340 nm at each combination of the
input signals. Pathological and physiological logic levels were easily differentiated,
which confirmed that the assay conditions were favorable for this application. From
the corresponding bar chart (Fig. 7.3D (left)) constructed using the data at 200
s, the (LAC,LDH) = (1,1) logic level was separated by 0.13 O.D. from the logic
level in closest proximity. Accordingly, an unambiguous decision threshold could
be established at 0.81 O.D. in order to yield AND functionality.

Following optical experiments, electrochemical investigations were then per-
formed by employing a disposable SPE. Chronoamperometric measurements were
performed for each combination of the input signals with MG serving as the out-
put mediator to reduce the overpotential required for the detection of NADH.
The detection potential was established at 0.1 V vs Ag/AgCl to maximize SNR.
Chronoamperograms are shown in Fig. 7.2D (right) which were obtained at the
carbon SPE by the AND gate upon application of various input combinations. At
10 s sampling time, the difference in current between the (1,1) logic and (1,0) logic
levels was 36 nA, as shown by the bar chart in Fig. 7.3D (right). Upon examination
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of the bar chart, it is apparent that a decision threshold could be unambiguously
implemented to realize high-fidelity AND gate operation (as in the optical case),
which was established at 84 nA.

Hemorrhagic shock (HS):

Hemorrhagic shock, a condition that arises due to uncontrolled bleeding, is
another pervasive example of a high-mortality combat injury and frequently occurs
as a result of the infliction of gun-shot wounds and blast injuries [167]. This critical
condition must be assessed before desanguination ensues [168]. Serum GLC and
NE have been identified as biomarkers of such injury [151, 155] and can increase
many-fold upon presentation of this condition [169, 170].

Optical experiments were conducted and Fig. 7.2E (left) displays the optical
absorbance at A = 487 nm of the AND gate for each combination of the input
signals. Pathological and physiological logic levels were well-separated, which again
confirmed favorable assay conditions. From the corresponding bar chart (Fig. 7.3E
(left)) constructed using the data at 100 s, the (NE,GLC) = (1,1) logic level was
separated by 8.89 mO.D. from the logic level in closest proximity. Accordingly, a
straightforward decision threshold could be established at 11.0 mO.D. in order to
yield AND functionality.

Following optical experiments, electrochemical investigations were subse-
quently performed by employing a disposable SPE. Chronoamperometric mea-
surements were performed for each combination of the input signals with the con-
centration of NQ serving as the output indicator. The detection potential was
established at -0.4 V vs Ag/AgCl for SNR considerations. Chronoamperograms
are shown in Fig. 7.2E (right) which were obtained at the carbon SPE by the AND
gate upon application of various input combinations. At 60 s sampling time, the
difference in current between the (1,1) logic and (1,0) logic levels was 11 nA, as
shown by the bar chart in Fig. 7.3E (right). In accordance with these results, the
decision threshold to realize high-fidelity AND gate operation (as in the optical
case) was established at 16 nA.

Oxidative stress (OS):

Oxidative stress refers to a broad scope of pathological states and accompa-
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nies nearly all forms of physical stress or strain experienced by the body [171, 172],
including those acquired in battle [172]. GSSG and GR mitigate the body’s bio-
chemical response to oxidative stress and elevations in each compound in serum
have been found to be associated with such events. Thus, GSSG and GR are ex-
cellent candidates for biomarkers [156, 157] that can enable highly reliable logic
gate operation.

Optical experiments were first conducted and Fig. 7.2F (left) displays the
optical absorbance of the AND gate at A = 412 nm for each combination of the
input signals using DTNB for optical analysis of the GSH produced in situ [173].
Pathological and physiological logic levels were easily differentiable, thereby vali-
dating high-fidelity operation. From the corresponding bar chart (Fig. 7.3F (left))
constructed using the data at 60 s, the (GSSG,GR) = (1,1) logic level was sepa-
rated by 0.07 O.D. from the logic level in closest proximity. A decision threshold
could hence be set at 0.76 O.D. in order to yield AND functionality.

Electrochemical investigations were then performed by employing a dispos-
able SPE. Chronoamperometric measurements were performed for each combina-
tion of the input signals with CoPC serving as the output mediator to reduce the
overpotential required for the detection of GSH. The detection potential was es-
tablished at 0.5 V vs Ag/AgCl to maximize SNR. Chronoamperograms are shown
in Fig. 7.2F (right) which were obtained at the CoPC-modified carbon SPE by the
AND gate upon application of various input combinations. At 30 s sampling time,
the difference in current between the (1,1) logic and (1,0) logic levels was 51 nA,
as shown by the bar chart in Fig. 7.3F (right). As this figure illustrates, a decision
threshold could be implemented to realize high-fidelity AND gate operation (as
in the optical case), and was accordingly established at 412 nA.

Accordingly, good correlation was observed between the optical and elec-
trochemical data in each of the six separate experiments, as indicated from a com-
parison of the bar charts presented in Fig. 7.3, thereby confirming the validity of
the transition of the experimental procedure from the optical to the electrochem-
ical domain. With the electrochemical protocol in functional order, the output

of each logic gate could be integrated as one of the constituents of the injury
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Table 7.2: Truth table and corresponding injury codes for all 64 possible combi-
nations of STI, TBI, LI, ABT, HS, and OS.

No. STI TBI LI ABT HS OS Inj. Code Biomedical Conclusions
1 0 0 0 0 0 0 000000  STT LI
2 0 0 0 0 0 1 000001  STI LI OS
3 0 0 0 0 1 0 000010  STT HS
4 0 0 0 0 1 1 000011  STI LI HS OS
5 0 0 0 1 0 0 000100  STI LI ABT
6 0 0 0 1 0 1 000101  STT LI ABT OS
7 0 0 0 1 1 0 000110  STT LI ABT HS
8 0 0 0 1 1 1 000111  STI LI ABT HS OS
9 0 0 1 0 0 0 001000  STI
10 0 0 1 0 0 1 001001  STT OS
11 0 0 1 0 1 0 001010  STT HS
12 0 0 1 0 1 1 001011 STT HS OS
13 0 0 1 1 0 0 001100  STT ABT
14 0 0 1 1 0 1 001101  STT ABT OS
15 0 0 1 1 1 0 001110  STI ABT HS
16 0 0 1 1 1 1 001111 STI ABT HS OS
17 0 1 0 0 0 0 010000  STT TBI LI
18 0 1 0 0 0 1 010001  STT TBI LI OS
19 0 1 0 0 1 0 010010  STT TBI LI HS
20 0 1 0 0 1 1 010011  STI TBI LI HS OS
21 0 1 0 1 0 0 010100  STI TBI LI ABT
22 0 1 0 1 0 1 010101  STI TBI LI ABT OS
23 0 1 0 1 1 0 010110  STI TBI LI ABT HS
24 0 1 0 1 1 1 010111  STI TBI LI ABT HS OS
25 0 1 1 0 0 0 011000  STT TBI
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No. STI TBI LI ABT HS OS Inj. Code Biomedical Conclusions
26 0 1 1 0 0 1 011001 STI TBI OS

27 0 1 1 0 1 0 011010  STI TBI HS

28 0 1 1 0 1 1 011011 STI TBI HS OS
29 0 1 1 1 0 0 011100  STI TBI ABT

30 0 1 1 1 0 1 011101  STI TBI ABT OS
31 0 1 1 1 1 0 011110  STTI TBI ABT HS
32 0 1 1 1 1 1 011111 STI TBI ABT HS OS
33 1 0 0 0 0 0 100000 LI

34 1 0 0 0 0 1 100001 LI OS

35 1 0 0 0 1 0 100010 LI HS

36 1 0 0 0 1 1 100011 LI HS OS

37 1 0 0 1 0 0 100100 LI ABT

38 1 0 0 1 0 1 100101 LI ABT OS

39 1 0 0 1 1 0 100110 LI ABT HS

40 1 0 0 1 1 1 100111 LI ABT HS OS
41 1 0 1 0 0 0 101000  Normal

42 1 0 1 0 0 1 101001  OS

43 1 0 1 0 1 0 101010  HS

44 1 0 1 0 1 1 101011 HS OS

45 1 0 1 1 0 0 101100  ABT

46 1 0 1 1 0 1 101101  ABT OS

47 1 0 1 1 1 0 101110  ABT HS

48 1 0 1 1 1 1 101111 ABT HS OS

49 1 1 0 0 0 0 110000  TBI LI

50 1 1 0 0 0 1 110001  TBI LI OS

51 1 1 0 0 1 0 110010  TBI LI HS

52 1 1 0 0 1 1 110011 TBI LI HS OS
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Table 7.2 — Continued
No. STI TBI LI ABT HS OS Inj. Code Biomedical Conclusions

93 1 1 0 1 0 0 110100  TBI LI ABT

54 1 1 0 1 0 1 110101 TBI LI ABT OS
55 1 1 0 1 1 0 110110  TBI LI ABT HS
56 1 1 0 1 1 1 110111 TBI LI ABT HS OS
o7 1 1 1 0 0 0 111000  TBI

58 1 1 1 0 0 1 111001 TBI OS

59 1 1 1 0 1 0 111010  TBI HS

60 1 1 1 0 1 1 111011 TBI HS OS

61 1 1 1 1 0 0 111100  TBI ABT

62 1 1 1 1 0 1 111101 TBI ABT OS

63 1 1 1 1 1 0 111110  TBI ABT HS

64 1 1 1 1 1 1 111111 TBI ABT HS OS

With the above six gates optimized to enable high-fidelity detection, a 6-
bit injury code was concatenated from the outputs of each of the individual gates.
Accordingly, 2° = 64 unique injury combinations could be ascertained, as shown
in Tab. 7.2., among 2 = 4096 possible pathophysiological scenarios. A compre-
hensive injury code could thus be constructed to account for various combinations
of six unique injuries.

Such an encoding scheme enables a reduced dependence on analog circuitry
required for the synthesis of high-integrity waveforms required for digital signal
processing, as the outputs are generated with substantial differentiation between
the digitally-defined physiological and pathological levels in the biochemical do-
main. Moreover, the binary nature of the output (indicative of injury) enabled
multiplexing operations to be performed directly in the digital domain and could
be appraised against a lookup table for the reliable evaluation of pathophysiolog-
ical state. The sizeable dynamic range and high noise margins of the NAND
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and AND logic gates facilitate such high-fidelity operation and serve to further
underscore the advantages of the concept when contrasted with traditional biosen-
sor and lab-on-a-chip approaches. Without the use of Boolean processing and
the establishment of a concomitant decision threshold for digital diagnosis, a re-
liable assessment of injury could not be tendered nor could an injury code be
constructed. In the absence of these merits, the approach would encounter serious
obstacles in discarding the noise arising from extraneous interferents and anoma-
lous pathophysiological conditions and extracting the signal of interest. Therefore,
the operational merits of the logic gate architecture enabled the establishment
of an unambiguous decision threshold and digital manipulation of the biomarker
signals, thereby enabling the concatenation of an inclusive injury code to assess
multiple injury conditions, which allowed the system an enhanced ability to detect
injury when compared with traditional biosensing concepts.

Noise reduction, fault tolerance, robustness, and scalability are all factors to
be considered when attempting to improve the performance of enzyme-based infor-
mation processing systems. Experimental optimization was implemented in order
to produce a reliable threshold between output = 0 and output = 1. Although
noise can be suppressed by logic network design, other intrinsic experimental pa-
rameters will dictate the precision of each logic level. When assessing the optical
and electrochemical experimental results, the standard deviation for most of the
values does not exceed 5 % of the mean value, demonstrating reproducibility within
the chosen physiological and pathological input ranges. The chosen threshold lines
separating logic output = 0 and logic output = 1 varied between 11 % and 60 %
of the mean value; hence the as-designed logic gates can serve as reliable injury
predictors for at least 90 % of the repetitions.

A new modular biocomputing coding concept based on parallel and multi-
plexed enzyme logic gates has been described. This enzyme logic coding approach
has been demonstrated towards a multi-injury diagnosis in connection to twelve
biomarker inputs. This system is able to assess 64 individual pathological condi-
tions among 4096 possible pathophysiological states through multiplexing the out-
puts into a 6-bit ‘injury code’. The new system, consisting of AND and NAND
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gates, is able to evaluate a greater number of injuries than permitted by single
enzyme logic gates while leveraging an electronic backbone of similar complexity.
Moreover, due to the concept’s Boolean biochemical signal processing architecture,
the system is able to infer pathological conditions with a greater degree of reliability
while enabling lower power consumption operation due to the reduced dependence
on electronic operations than conventional biosensor arrays are currently able to of-
fer. The concept represents the first demonstration of the parallelization of enzyme
logic gates applied to diagnostic merits as well as the simultaneous multiplexing of
the outputs of multiple logic gates in the biochemical domain into a binary injury
code. Such devices hold considerable potential for future work in the advancement
of low-cost, disposable biosensors. Further development is required to realize an
on-body biosensing paradigm, albeit the injury code concept is well-positioned to
enable the rapid and reliable assessment of multiple life-threatening injuries away
from the hospital setting. Moreover, in addition to its connection to multi-injury
diagnosis, the concept could be extended to the reliable assessment of a wide range

of other practical medical, industrial, security and environmental scenarios.

7.2 Multi-enzyme logic network architectures for

the assessment of injury

In order to further augment the complexity of bioanalysis systems, logic
operations may be concatenated and represented by a multi-enzyme system capable
of processing a contingent of variable biomarker signals. In this embodiment, bi-
modal functionality is desired through the implementation of a SWITCH feature
activated by the presence or absence of switching inputs in specific gates. Switching
between two unique subsystems provides a solution for the control of biochemical
pathways and performance correlation for multiple logic gates in a given system.
The SWITCH feature enables the simultaneous analysis of different physiological
conditions within a biochemical logic system operating as a single aggregate. This
concept is illustrated via a model enzyme logic-based system for the analysis of

biomarkers characteristic of the two common injuries: traumatic brain injury (TBI)
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and soft tissue injury (STI).

A graphical representation of the multi-enzyme biocatalytic system oper-
ating in a single solution is outlined in Fig. 7.4. The input concentrations that
activate the biocatalytic system are summarized in Tab. 7.3. The system operates
in two different modes: (i) for the analysis of TBI (employing 31 mM potassium
phosphate buffer (PBS), pH 7.58, containing 6.7 mM magnesium sulfate) and (ii)
for the analysis of STI (evaluated in 50 mM triethanolamine buffer (TEA), pH 7.4,
containing 0.2 mM magnesium acetate). The persistent component of the system
(the ‘machinery’ of the logic network) included the following compounds: pyruvte
kinase (PK, E.C. 2.7.1.40, 10 U mL™!), pyruvate oxidase (POx, E.C. 1.2.3.3,5 U
mL~!), pyruvate dehydrogenase (PDH, E.C. 1.2.4.1, 2 U mL™!), horseradish perox-
idase (HRP, E.C. 1.11.1.7, 5 U mL™!), creatine (Crt, 15 mM), nicotinamide adenine
dinucleotide (NAD™, 10 mM), thiamine pyrophosphate (TPP, 450 uM), L-cysteine
(L-Cys, 3.96 mM), flavin adenine dinucleotide (FAD, 10 uM) and O (in equilib-
rium with air). The output signal generated under TBI sensing operation was
measured via an absorbance differentials at A = 655 nm (corresponding to the gen-
eration of the oxidized form of the redox mediator, 3,3’,5,5’-tetramethylbenzidine,
TMB,,) [174]. The output signal generated under STI operation was measured via
absorbance differentials at A = 340 nm (corresponding to the formation of reduced
nicotinamide adenine dinucleotide, NADH) [175]. The absorbance measurements
were recorded immediately following the combination of the reagents in a cuvette
and the final absorbance value was extracted at 800 s following the initiation of
the reaction. This sampling time was optimized for the effective discrimination of
the logic 0 and 1 output signals generated by the system.

The assessment of two common battlefield injuries, STI and TBI, was per-
formed by a multi-enzyme biocatalytic cascade, Fig. 7.4, which can be described as
a comprehensive concatenated logic system and its gate equivalent is diagrammat-
ically represented in Fig. 7.5. The system architecture includes eight networked
logic gates of the AND variety. The biocatalytic system operates in two unique
modes: one for the analysis of TBI and another for the analysis of STI (with the

ability to switch between them). The system is designed to analyze five unique
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Figure 7.4: Multi-enzyme biocatalytic cascade for the analysis of soft tissue injury
(STI) and traumatic brain injury (TBI). Biomarker inputs for STI (creatine kinase,
CK; lactate, LAC; lactate dehydrogenase, LDH) and TBI (enolase, EN; glutamate,
GLU) are labeled in red. Output signals for STI and TBI are reduced nicoti-
namide adenine dinucleotide (NADH) and oxidized 3,3’,5,5-tetramethylbenzidine
(TMB,, ), respectively. Other products of the biocatalytic cascade are the follow-
ing: acetyl phosphate (AcP), oxaloacetate (OxAc), 2-oxoglutarate (2-OG), and
creatine phosphate (CrtP). Note that, for the sake of simplicity, the scheme does
not include some reacting cofactors, promoters, and byproducts; for the full com-
position of the system refer to the Experimental section.
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Table 7.3: Concentrations of the input biomarkers that activate the biocatalytic
cascade for the logic-based analysis of STI and TBI.

Inputs Logic ‘0’ Logic ‘1’ Ref.
CK 0.10 U mL™! 0.71 UmL™'  [103]
LDH 0.15 U mL™! 1.00 U mL™t  [103]
LAC 1.6 mM 6.0 mM [104]
EN 0.42 mU mL™! 1.20 mU mL~ [151]
GLU 40 pM 140 uM [176]
ATP 0 mM 2 mM -
2-PGA 0 mM 8 mM -
GluOx 0mUmL™ 030 mUmL™! -
TMB 0 mM 0.45 mM -
PEP 0 mM 2 mM -
ADP 0 mM 2 mM -
Phosphate 0 mM 31 mM -
CoA 0 mM 0.5 mM -

biomarker entities appearing at different combinations, thereby leading to a logic-
based assessment regarding the presence or absence of TBI or STI conditions.
Three biomarkers, creatine kinase (CK, E.C. 2.7.3.2), lactate dehydrogenase (LDH,
E.C. 1.1.1.27) and lactate (LAC) , correspond to the physiological conditions char-
acteristic of STI, while two other biomarkers, enolase (EN) and glutamate (GLU),
represent an affirmative TBI diagnosis.

All five biomarkers were applied as biochemical input signals (labeled in red
in Fig. 7.5) and activated the logic network at two different concentration levels:
logic ‘0’ corresponding to the normal physiological concentrations of the biomark-
ers, while logic ‘1’ was selected at the elevated pathophysiological concentrations
corresponding to the respective injuries, as provided in Tab. 7.3. The simultane-
ous processing of multiple biomarkers via the complex biocatalytic cascade requires
optimization of the biocatalytic reactions by tuning the reaction rates in order to
yield comparable output signals for various combinations of the biomarker inputs.
The optimization was achieved by careful selection of the auxiliary inputs (la-
beled in green in Fig. 7.5): Adenosine triphosphate (ATP), 2-phosphoglycerate
(2-PGA), glutamate oxidase (GluOx, E.C. 1.4.3.11), and TMB. In order to digi-

tize the logic network operation, the auxiliary inputs were applied at two levels:
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Figure 7.5: Equivalent logic schemes for the concatenated logic gates designed to
identify STI and TBI corresponding to the biocatalytic cascade provided in Fig. 7.5.
(A) The system applied to STI diagnostic merits. (B) The system applied to TBI
diagnostic merits. Biomarker inputs are labeled in red, auxiliary inputs in green,
and switching inputs in blue. The switch-controlled pathways for the STI and TBI

operational modes are indicated by the arrows.
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logic ‘0’ corresponding to physical zero concentration, while logic ‘1’ was selected
experimentally upon optimization of the system, Tab. 7.3. The auxiliary inputs
did not provide information concerning physiological conditions related to the in-
juries, but were necessary for optimal processing of the biomarker inputs. When
applied at ‘0’ levels, the auxiliary inputs muted the system response, and the sys-
tem was concomitantly insensitive to the biomarker inputs. On the other hand,
their application at ‘1’ levels yielded optimal processing of the biomarker inputs
applied in different combinations of ‘0’ and ‘1’ logic levels. Four additional inputs
(labeled in blue in Fig. 7.5), phosphoenolpyruvate (PEP), adenosine diphosphate
(ADP), phosphate (PO,37), and coenzyme A (CoA) were used to switch the sys-
tem operation between the TBI and STI modes. These inputs were applied at
logic ‘0 levels corresponding to physical zero concentrations, while logic ‘1’ levels
were experimentally optimized, as provided in Tab. 7.3.

Biocatalytic logic network under STI operational mode:

In order to compensate for the lack of specificity among the biomarkers em-
ployed for STI diagnosis, only the concurrent appearance of all three STI-related
biomarkers (CK, LDH, and LAC) at logic ‘1’ values affirms the presence of symp-
toms characteristic of STI. Accordingly, the system operated under the follow-
ing operational conditions (see Fig. 7.4 for the biochemical representation and
Fig. 7.5A for the logic equivalent diagram - the STI pathway is highlighted): the
biocatalytic reaction of CK (one of the STI biomarkers) and ATP (gate A) results
in the production of ADP. Subsequently, the reaction of ADP with PEP biocat-
alyzed by PK (gate C') results in the formation of pyruvate (PYR), which then is
biocatalyzed in the presence of CoA and PDH (gate F) to yield NADH, the output
signal. Note that the pathway composed of A-C—FE gates is activated only when
the biomarker input CK, auxiliary input ATP, and switching inputs PEP and CoA
appear at logic ‘1’ values. The simultaneous application of the LDH and LAC in-
puts (STT biomarkers) at logic ‘1’ (gate D) results in the reduction of NAD™ and
a further increase in the NADH output signal. It should be noted that this path-
way results in the concomitant production of PYR, which traverses through gate

E and produces a molar equivalent of NADH, thus further amplifying the output
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Figure 7.6: (A) Optical detection of the output signal (NADH) generated by
the logic system operating under STI analysis mode. The response was obtained
following the application of all combinations of the injury biomarker input signals
(CK, LDH, and LAC). (B) Bar chart comparing the output signals generated by
the enzyme logic system for the analysis of STI at t = 800 s. The positive STI
diagnosis corresponds to the output signal above the decision threshold (dashed
line). The logic system composition is provided in the experimental section and
the biomarker input concentrations corresponding to the logic ‘O’ and ‘1’ values
are specified in Tab. 7.3. The auxiliary (ATP) and switching (PEP and CoA)
inputs were applied at logic ‘1’ levels for all combinations of the biomarker inputs.

signal. Fig. 7.6A illustrates the optical changes in the system measured at A =
340 nm (NADH absorbance) under the application of different combinations of the
biomarker inputs. Only the simultaneous application of all three biomarker inputs
at logic ‘1’ values (input combination (1,1,1)) resulted in a substantial optical
absorbance differential, hence allowing an unambiguous conclusion regarding the
presentation of an STT event. The experimentally-corroborated threshold level of
0.5 O.D. enabled high-fidelity discrimination between the logic ‘0’ and ‘1’ levels,
with the output signal differential greater than a factor of two, as presented in
Fig. 7.6B. It should be noted that, in all measurements provided in Fig. 7.6, the
auxiliary (ATP) and switching (PEP and CoA) inputs were applied at logic ‘1’
values to enable optimal performance via the desired biocatalytic pathway. At the
same time, the switching inputs, ADP and PO43~, were applied at logic ‘0’ levels
to inhibit the alternative (undesired) TBI pathway.

Biocatalytic logic network under TBI operational mode:
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In contrast to the biomarkers employed for the diagnosis of STI, the TBI
biomarkers employed in the study (EN and GLU) are rather specific in nature and
can report on the presentation of injury even when appearing alone. A generic
EN enzyme was substituted in place of a neuron-specific EN variety, which is the
isoenzyme released from damaged cortical tissues. The system operates in the
following manner ((see Fig. 7.4 for the biochemical representation and Fig. 7.5B
for the logic equivalent diagram - the TBI pathway is highlighted): the biocatalytic
reaction of EN (TBI biomarker) and 2-PGA (gate B) results in the formation of
PEP. Subsequently, the reaction of PEP with ADP (switching input) biocatalyzed
by PK (gate C') results in the formation of PYR. Further reaction of PYR with
P03~ (switching input) biocatalyzed by POx (gate F') yields HoO,, which reacts
with TMB in the presence of HRP (gate H). This reaction results in the oxidation
of TMB, the redox mediator, and produces an absorbance increase at A = 655
nm. In this fashion, TMB,, is considered as the final output signal from the
pathway composed of B-C—-F-H gates. The same signal was generated through
an alternative pathway composed of gates G and H: the biocatalytic reaction of
GLU (TBI biomarker) and GluOx result in O reduction and yields HoOy (gate
(). Subsequently, HyO, reacts with TMB in the presence of HRP to yield TMB,,,
instigating a concomitant absorbance differential (gate H). Careful optimization
of the system (by tuning the concentrations of the auxiliary inputs) enables a
comparable output signal to appear in both the pathways. Fig. 7.7A represents
the differential optical absorption in the system measured at A = 655 nm (TMB,,
absorbance) for all combinations of the biomarker inputs. Any or both biomarkers
appearing at the logic ‘1’ level resulted in high absorbance differentials, hence
signaling the presence of TBI conditions. The experimentally-derived threshold
level of 0.02 O.D. enabled the high-fidelity discrimination among the logic ‘0" and
‘1’ levels. The output signal differential for the input combination (0,0) and all
other combinations ((0,1), (1,0), and (1,1)) is provided Fig. 7.7B. It should be
noted that in all measurements shown in Fig. 7.7, the auxiliary (2-PGA,TMB and
GluOx) and switching (ADP and PO4*") inputs were applied at logic ‘1’ values

to facilitate optimal performance via the analytical pathway. At the same time,
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Figure 7.7: (A) Optical detection of the output signal (TMB,,) generated by
the logic system operating under TBI analysis mode. The response was obtained
following the application of all combinations of the injury biomarker input signals
(EN, GLU). (B) Bar chart comparing the output signals generated by the enzyme
logic system for the analysis of TBI at t = 800 s. The positive TBI diagnosis
corresponds to the output signals above the decision threshold (dashed line). The
logic system composition is provided in the experimental section and the biomarker
input concentrations corresponding to the logic ‘0’ and ‘1’ values are specified in
Tab. 7.3. The auxiliary (2-PGA, GluOx, TMB) and switching (ADP and PO,*")

inputs were applied at logic ‘1’ levels for all combinations of the biomarker inputs.

the switching inputs, PEP and CoA, were applied at logic ‘0’ levels to inhibit the
alternative (undesired) STI pathway.

Biocatalytic logic network under SWITCH operation:

Operation of the logic system in the STI mode results in production of ADP
as a product of the biocatalytic reaction at gate A. Further reaction of ADP in
gate C requires the presence of PEP, which is not produced by the system under
operation in the STI mode (note that gate B is disabled because of the absence
of the EN input). Therefore, PEP must be supplemented in order to activate gate
C. Conversely, under operation in the TBI mode, PEP is produced, in situ, from
gate B while ADP, which is required for operation of gate C' is absent (note that
gate A is deactivated due to the absence of CK). Hence, in this circumstance,
ADP must be added in order to activate gate C. Finally, in order to activate the
network to operate in the STI mode, the switching inputs PEP and ADP should

be applied at logic ‘1" and ‘0’ values, respectively, while they should assume the
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opposite (‘0" and ‘1’) values under TBI operation. This switch enables gates C
and F' to selectively function under two unique modes of operation. Similarly, in
order to switch between two operational modes, gates F' and E must be selectively
activated by the appropriate concentrations of PO43~ and CoA. Specifically, PO43~
and CoA were applied at logic ‘0’ and ‘1’ levels in the STT mode and at logic ‘1’
and ‘0’ levels in the TBI mode.

Although the objective of the investigation resided in the optimization of
both the STI and TBI systems under identical experimental conditions, it was
not possible to achieve the optimized operation of both modes under exactly the
same conditions — the TBI system operated in a 31 mM potassium phosphate
buffer solution (pH 7.58, containing 6.7 mM magnesium sulfate), while the STT
system was realized in a 50 mM triethanolamine buffer (pH 7.4, containing 0.2
mM magnesium acetate). Further study will be required to enable the entire
switching contingent to function under identical operational conditions in the same
environment.

The present study substantiates that multi-enzyme / multi-step biocat-
alytic cascades of increased complexity (when compared to their single or dual
gate counterparts) can yield reliable diagnoses of physiological conditions upon
the logic-based analysis of the complex patterns of various biomarkers. The sys-
tem presented exemplifies a novel approach to multi-signal processing biosensors
that emulate and exploit natural biochemical pathways and operate according to
a biocomputing concept. Further efforts will be required to translate the approach
from the conceptual realm to practical biosensor applications. Granted, future
biosensor devices will leverage electrochemical readout rather than optical analy-
sis, as was used in the present study. Nevertheless, the insights gained from this
study can be extended towards the design of various sophisticated bioelectronic

systems and bioactuators controlled by complex patterns of multiple inputs.
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7.3 Noise performance of enzymatic AND logic
gates

Recent developments in the areas of chemical [177, 178, 179, 180, 181] and
biomolecular [108, 182, 183, 184] computing, emanating from the broader frame-
work of unconventional computing [185, 186], have resulted in the realization of
various biochemical Boolean logic gates [27, 28, 187, 188, 189, 190, 191, 192, 193,
194] as well as other constituents of digital systems, including simple networks
[195, 196, 197]. Functional units demonstrated thus far have included molecu-
lar memory units [198, 199, 200, 201, 202, 203], comparators [204], multiplex-
ers/demultiplexers [205, 206, 207, 208], encoders/decoders [209], among others.
Such devices and subsystems are expected to facilitate the assembly of concate-
nated systems able to process chemical information via chemical means. These
systems are capable of performing simple arithmetic functions, for instance, oper-
ating as a half-adder/half-subtracter [209, 210, 211, 212, 213] or a full-adder/full-
subtracter [214, 215]. Further extended these concepts to the aggregation of chem-
ical digital processing elements, chemical systems can be designed to emulate key-
pad lock devices [216, 217, 218, 219, 220, 221, 222] and even to function as molecular
automata [223, 224] based on networked logic operations.

Despite the current state of research pertaining to chemical computing,
a majority of reported studies have been concerned with the demonstration of
basic concepts, while aspects of practical applications have not been clearly ad-
dressed. In order to justify their studies, conjectures regarding possible relevance to
molecular computer designs have been routinely emphasized. In reality, however,
present-day chemical systems are not able to directly compete with conventional
electronic computation devices. Indeed, biocomputing systems have, thus far, been
connected only in simple ‘circuits’ capable of implementing basic arithmetic oper-
ations on the temporal scale of minutes or longer, which is largely unacceptable
for most computation-based applications. On the other hand, the application of
biomolecular logic systems for analytical purposes could provide utilitarian func-

tionality in other domains, such as the development of a novel class of bio(chemical)



153

sensors which are able to accept multiple input signals and produce binary alert-
type outputs in the form of a sequence of bits that can be used to identify rel-
evant biomedical conditions [36, 41, 47, 146]. This approach has already been
successfully applied towards the analysis of multi-parameter physiological condi-
tions corresponding to different forms of injury [42, 43]. The biosensors under this
thrust have leveraged enzyme-based biocatalytic cascades able to process targeted
biomarker signals, which may deviate from normal physiological concentrations
to elevated (or decreased) levels as a result of injury. Accordingly, in order for
these systems to yield a reliable and high-fidelity assessment of life-threatening
conditions, careful consideration must be directed at noise control in the gate- and
network-level implementations of these enzyme logic gate archetypes [29, 30, 144].

In order to achieve the aforementioned aims, experimental and theoretical
analyses of two unique AND logic gates embodying substantial kinetic similarities
has been performed. These gates, activated by an enzyme and its correspond-
ing substrate, consist of lactate dehydrogenase (LDH, E.C. 1.1.1.27) / lactate
(substrate) and glutathione reductase (GR, E.C. 1.8.1.7) / glutathione disulfide
(substrate) , which jointly constitute a definitive contingent of biomarkers for ab-
dominal trauma (ABT) [151, 152, 153, 154] and oxidative stress (OS) [156, 157],
respectively.

Previously-reported (bio)chemical computing systems have utilized arbi-
trary levels of the input signals (traditionally logic ‘O’ has corresponded to a
physically-zero concentration of inputs, while logic ‘1’ was established at an arbi-
trarily high concentration) [225, 226, 227]. Novel biomedical applications require
the operation of biochemical digital computing systems at specific logic input levels
determined by physiological conditions with ‘O’ and ‘1’ corresponding to physio-
logical and pathological concentrations, respectively. The logic ‘0’ and ‘1’ input
signals may accordingly embody a minuscule range of variation, thus resulting in
poor discrimination between the output signals generated by the gates. Further-
more, the output signal values interpreted as logic ‘0" and ‘1’ can exhibit significant
variation as compared to the difference between the two reference logic values.

Finally, instituting operation at physiological concentrations imposes strict con-
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straints on the possible values or ranges of concentrations and leaves little margin
for the optimization of the process parameters. In order to infer the operational
performance of the biochemical logic gate, the entire surface response function
should be mapped and analyzed for the full possible concentration spread that the
input signals can assume [29, 30, 31].

Biochemical logic gates presented in the literature typically utilize enzymes
that operate as the machinery for higher-order logic systems, which serve to pro-
cess signals represented by their corresponding substrates/cosubstrates [28, 194].
Alternatively, enzymes have been employed as input signals to activate biochemical
logic systems comprised of the other required reactants [27, 31]. The present bio-
computing gates are activated upon the simultaneous presentation of an enzyme
and its corresponding substrate as inputs for the AND logic implementation.
This imposes additional challenges for the accurate modeling of system perfor-
mance, and, from this point of view, such gates can be regarded as examples of a
novel, previously unexplored class of biochemical logic systems. Since input sig-
nals in these gates correspond to physiological conditions, there inevitably exists
some uncertainty present in their values due to the innate physiological variations
among human subjects. Owing to the stochastic nature of such systems, a random
distribution of input signals (i.e. noise) is expected to exist in the system. As the
presented systems can be applied to a broad range of biomedical applications, the
analysis and understanding of the noise at the inputs and the manner in which it
propagates through such logic gates are in order.

Experimental procedure for the LAC/LDH AND gate:

A graphical representation of the enzymatic AND logic gate is outlined
in Fig. 7.8. The gate machinery consists of nicotinamide adenine dinucleotide
(NAD*) (10 mM and 1 mM for optical and electrochemical measurements, re-
spectively) in a 50 mM sodium/potassium phosphate buffer (PBS) with 0.2 mM
MgCly and 0.01 mM CaCly, pH = 7.15. Methylene green (MG, 1 mM) was em-
ployed as an electroactive mediator in order to reduce the overpotential required
to oxidize the reduced form of nicotinamide adenine dinucleotide (NADH). The

AND logic gate was activated by presence of lactate (LAC) and LDH as inputs
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Figure 7.8: Lactate / lactate dehydrogenase biocatalytic cascade and its AND
logic gate equivalent

1 and 2, respectively. Logic ‘0’ and ‘1’ levels of LAC (1.6 mM and 6.0 mM) and
LDH (150 U L=* and 1000 U L) input signals were chosen according to the mean
normal and elevated physiological concentrations of these biomarkers relevant for
the diagnosis of abdominal trauma (ABT) [151, 152, 153, 154]. Optical absorbance
measurements were performed at A = 340 nm, and the electrochemical measure-
ments were performed using amperometric techniques (0.1 V vs Ag/AgCl applied
at the working electrode along with continuous agitation) in order to monitor the
generation of the NADH product. In the optical experiments, the absorbance mea-
surements were initiated immediately upon the combination of the reagents in a
cuvette, and the final absorbance was extracted at 360 s from the beginning of the
measurements. In the electrochemical experiments, the buffer, lactate, LDH, and
MG solutions were dispensed in the microcell, and amperometric recording was
initiated using a glassy carbon electrode Glassy carbon electrode. Following a 150
s settling period to allow the background current to decay to steady-state levels,

the NAD™ solution was added, and the recording continued for an additional 150
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s. At 300 s following the initiation of the recording (150 s following the addition of
NAD™), the output signal current reading was extracted. In order to remove the
contribution of the background current to the bona fide electrochemical signal aris-
ing from the biocatalytic process, the current obtained just prior to the addition of
NADT at 150 s was subtracted from the current reading at 300 s. In order to map
the response surface of the AND gate, the LAC and LDH concentrations were var-
ied across the maximum extent of their respective physiological-pathophysiological
ranges, hence yielding an array of 6 x 6 experimental data points. With respect
to electrochemical measurements, LAC was varied between 0 mM and 7.5 mM (in
1.5 mM increments) while LDH was varied between 0 U L ™! and 1250 U L™! (in
250 U L~! increments). On the other hand, optical measurements were conducted
using the following parameters: LAC varied between 1 mM and 7 mM (in 1.2 mM
increments) and LDH was varied between 100 U L™ and 1100 U L' (in 200 U L ™!
increments). To ensure that the entire range of possible levels of these biomarkers
was included in the analysis, the concentrations of the input signals were scanned
from levels somewhat below their respective logic ‘0’ values to somewhat above
their logic ‘1’ values.

Experimental procedure for the GSSG/GR AND gate:

A graphical representation of the enzymatic AND logic gate is outlined
in Fig. 7.9. The gate machinery consists of 0.18 mM nicotinamide adenine din-
ucleotide phosphate (NADPH) in a 50 mM citrate buffer, pH = 5.0. 2mM 5,5
dithiobis-(2-nitrobenzoic acid) (DTNB, ‘Ellman’s reagent’), a photoactive dye, was
included for optical measurements. The AND logic gate was activated by glu-
tathione disulfide (GSSG) and GR as inputs 1 and 2, respectively. Logic ‘0’ and
‘1’ levels of GSSG (150 puM and 400 M) and GR (556 U L~ and 650 U L™!)
input signals were selected according to the mean normal and elevated physiolog-
ical concentrations of these biomarkers in erythrocytes, motivated by studies of
oxidative stress [156, 157]. Since GR and GSSG are mainly present in intracellu-
lar compartments of erythrocytes, maintaining a physiological pH (7.35 - 7.45 for
serum) was not essential for the assay. Thus, in order to attenuate the enzymatic

reaction and yield a high dynamic range between the output logic ‘0’ and ‘1’ lev-
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els, the pH was experimentally optimized and established at an optimal value of
5. In the optical experiments, the thiol groups of the biocatalytically produced
glutathione (GSH) irreversibly reacted with DTNB, resulting in the formation of
5-thio-(2-nitrobenzoic acid) (TNB) which was monitored by absorbance changes
at A = 412 nm. The absorbance differential was measured following the mixture
of the reactants in a cuvette, and the final absorbance value was extracted at 100
s from the initiation of the reaction. In the electrochemical experiments, cobalt
phthalocyanine (CoPC, 2 % w/w) was employed as a redox mediator to reduce
the overpotential required for the detection of GSH at 0.5 V vs Ag/AgCl. The
buffer, GR, GSSG, and NADPH solutions were dispensed on the CoPC-modified
screen printed electrode (SPE), and an amperometric recording (in a quiescent
solution) was initiated. Following a 30 s settling period to allow the transient cur-
rent to decay to negligible levels, the recording was terminated, and the reading
was extracted. In order to map the response surface of the AND gate, the two
inputs were varied across the maximum extent of their respective physiological-
pathophysiological ranges, hence yielding an array of 6 x 6 experimental data
points. Optical measurements were conducted using the following parameters:
GSSG varied between 67 pM and 483 uM (in 83 uM increments) and GR was var-
ied between 524 U L' and 679 U L™! (in 31 U L' increments). To ensure that
the entire range of possible levels of these biomarkers was included in the analysis,
the concentrations of the input signals were scanned from levels somewhat below
their respective logic ‘O’ values to somewhat above their logic ‘1’ values.

Theoretical model of AND gate function:

As mentioned previously, the initial concentrations of both inputs vary be-
tween some minimum value (not equal to zero), [Input 1](t = 0) = C} jin, [Input
2|(t = 0) = Chmin, and maximum value, [Input 1|(¢t = 0) = C} e, Input 2](¢
= 0) = Cymaz, determined by specific biomedical applications. The output prod-
uct concentration, P, is measured as P(t = t,q) at a specific reaction time, tyqe,
and also varies between two values, P,,;, and P,,.., as the input concentrations
are swept from their minimal to maximal values. To analyze the logic gates, the

input/output chemical signals are cast in terms of the dimensionless input (z,y)
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and output z variables scaled to the logic ranges:

Cl - C'1 min
= ’ 7.1
v Cl,maz - Cl,min’ ( )
CQ - C2 min
= : 7.2
Y CQ,maz - C2,min, ( )
"7 P — P =

The noise amplification properties of the AND gate has been thoroughly
analyzed in previous work [29, 30, 31, 144, 225] by considering the function z(z,y),
termed the response surface, in the vicinity of the logic points (z,y) = (0,0), (0,1),
(1,0), and (1,1). In general, the gate output is a function of not only the initial
inputs and the duration of the reaction, but also on other endogenous parameters
such as, in the present case, the initial concentration of the cosubstrate, ¢, and the

operational pH level such that

P:F(Cl,CQ;C,pH,...;tgate,...). (74)

Note that the additional parameters, which can be either physical or bio/-
chemical, are divided into two groups in Eq. (7.4). Certain parameters, here
represented by ¢ and pH, can be adjusted to some extent to improve gate perfor-
mance. Other parameters cannot readily be adjusted as desired, for instance, #yqte,
which was selected to yield the highest dynamic range between the output logic ‘0’
and ‘1’ levels, as well as most physical properties such as the temperature, which
are inelastic variables specified by the intended application.

In order to calculate the function z(z,y), the parameter dependence in Eq.
(7.4) must be modeled. It is important to note [225] that there are several sources
of noise to be considered in biochemical computing. In addition to the natural
fluctuations in the inputs in the vicinity of the precise logic point values, system-
atic deviations may exist, as well as the uncertainty present in the physiological
concentrations owing to human variability. The output of the stochastic system,

similarly, is not precisely defined. In addition to the spread inherent in the output
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levels, their absolute values may assume levels that are shifted from the selected
reference. Furthermore, the logic level values assumed by the output signals will
generally differ provided the various permutations of logic inputs. This is in direct
contradiction to conventional electronic logic gates in which all Boolean-equivalent
input combinations are expected to yield equivalent output signal levels.

It may not be feasible to precisely define the functional dependence in Eq.
(7.4); hence, Eq. (7.4) should be viewed as an average with an inherent spread
in the values assumed by the logic levels. One method that may be utilized to
evaluate the function F' resides in fitting empirically-derived data to solve a set
of precise or phenomenological kinetic equations corresponding to the enzymatic
reaction under evaluation; this approach was pursued in previous investigations for
several biochemical systems [29, 30, 31]. In these studies, the kinetic parameters
of the chemical systems under evaluation were treated as elastic parameters with
values interpolated from the numerical fitting of the experimental data to the
solution of the kinetic equations. Although insightful, this approach requires a
working knowledge of the kinetics of the logic gate system, which is not the case
for the present systems under investigation due to their complexity. Indeed, even a
simplified kinetic description [226, 227, 228, 229, 230, 231] would require fitting an
inordinate number of elastic parameters, which, consequently, cannot be accurately
determined from the data map generated from the gate response.

Another approach [144] has called for the specification of a phenomenologi-
cal fitting function for F' based on expected solutions of the kinetic equations in ad-
dition to experimental observations. This approach has been developed [144, 225]
for the general analysis of the noise performance inherent to biochemical logic gates
and networks when detailed information regarding the system’s kinetics was either
unavailable or the set of the reactions was far too complex to determine fitting
parameters uniquely.

Indeed, the extraction of the global features of the response surface function
z(z,y), sufficient to evaluate the biochemical logic gate’s behavior in the vicinity
of the four logic point values, is substantiated. However, an earlier phenomeno-

logical fitting form [29] developed for typical biochemical reactions encountered in
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AND logic gate incarnations with the logic ‘0’ values established at true zero con-
centrations actually reflects the features of the biochemical reaction rather than,
more generally, those of the binary logic. Therefore, it is inappropriate to use such
a form for gates with nonzero logic ‘O’ values. To avoid this complication, the
empirical data was not scaled to the logic ranges corresponding to Eqgs. (7.1) -
(7.3). Instead, the ambition is to fit the function F in Eq. (7.4) first by utilizing a
phenomenological shape function suggested by earlier studies, [29] which here can
be expressed as
pC1Cy

F = e G+ 1 (7.5)

The resulting function will subsequently be employed to derive an estimate

for z(z,y). It should be noted, however, that the overall constant in Eq. (7.5) is
not a useful fitting parameter as it will be canceled in the calculation of z(z,y).
Therefore, the actual data fitting, described below, is performed for F' normalized
to its measured value at input concentrations at which it assumed a maximum
value. This ratio was least-squares-fitted in order to determine the two fitting
constants of interest, o and £.

Owing to the nonzero values that the minimum input concentrations as-
sume, the output concentration concomitantly possesses somewhat different val-
ues for the combinations of the inputs (Cimins Comin)s (Cimin, Comaz), as well as
(Crmazs Comin)- In other words, the output at logic ‘0’ level assumes three unique
values. However, for a standard AND gate, the logic ‘0’ output should be equiv-
alent for all input combinations. This implies that the enzymatic gates considered
in this work have some systematic noise built-in [225]. This noise is additive to the
random noise that has been extensively analyzed in earlier work [29, 30, 31]. Thus,
the demands for additional network elements with filtering properties [29, 225] will
be even more stringent here if the present systems are to be employed as compo-
nents of biochemical logic networks. The present modeling approach is also some-
what differs from earlier variants [31] in that the mean values defined as P,,;, and
Ppnaz are not unknown variables. Rather, Eq. (7.4) is first evaluated, which is then

used to calculate P, and the lowest magnitude logic ‘0’ value as P,,;, (another
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option would be, e.g., an average of the three logic ‘0" outputs as P,,;,). Indeed,
the output signals to be utilized as reference ‘O’ and ‘1’ are not arbitrary but are
established by the application, and care should be taken to minimize noise levels
to yield high dynamic range performance of the AND function.

If the phenomenological fitting provided by Eq. (7.3) is indeed accurate,
then o (C, pH, ...; tgate,...) and §(C, pH,...;tgate,...) should be functions of the
chemical and physical parameters introduced in Eq. (7.2). The present approach,
however, does not attempt to obtain this kinetic information and therefore offers
no quantitative information on the dependence of the response surface function
z on such parameters (in addition to its arguments z and y). Thus, this model
cannot be utilized to directly optimize gate functionality. However, qualitative
arguments [29, 225] can usually be utilized to decide whether to increase or de-
crease the overall gate activity in order to augment performance. These typically
require a substantial modification in gate machinery because the response surface
is obtained in terms of the scaled variables, Eqgs. (7.1) - (7.3), and is not sensitive
to the leading-order linear-response-type changes. For the present systems (i.e.
those with chemical concentrations established at physiological levels), substantial
alterations are not feasible nor practical, and, therefore, the performance of the
gate cannot be readily optimized by varying the few degrees of freedom permitted
under the experimental approach. Instead, the aim resides in the corroboration
of an estimate of the degree of “noisiness” inherent in enzyme-based logic gate
operation, with the expectation that, when networked with other elements (reac-
tion steps) such as filters, will result in the demonstration of utilitarian enzyme
logic-based systems with less noise.

To analyze random noise amplification from input to output, [31, 142] the

noise amplification factor is computed as the ratio of the output noise distribution

out

spread, 7", to the fixed input noise distribution width, o', with the definition

ou 2
Uijt = <z2>ij - <Z>ij7 (7.6)

where the averages at each logic point, (i,j) = (0,0), (0,1), (1,0), (1,1),
are computed with respect to the input noise distribution D;;(z,y) = X;(z)Y;(y),
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which, for the sake of simplicity, is assumed to be an uncorrelated product of two
Gaussian distributions with equal widths, o;,, in terms of the scaled variables.

The straightforward expression

(") = // 2" (@, y) Dij (x,y) dzdy (7.7)
is employed for numerical computations. In order to obtain a description

of the effect of systematic noise, the inherent signal level jitter that translates

into imprecise average values for zthe averages, (z;;), are first computed. The

out
ij

spread interval ((z;;) - 09" (2i5) + 09f**), which defines the region where the output
corresponding to the specific logic point is most likely to be found for the assumed
distribution of random noise at the input. If the combined spread region for the
three logic 0 points overlaps with or is in close proximity to the logic 1 value,
then the gates under evaluation in this study cannot be employed for systems with
the degree of random input noise at levels near the o;, value considered in this
investigation.

Fitting of theoretical model to experimental data:

The catalytic reduction of NAD™ to NADH that proceeds in the presence
of lactate (Input 1) and LDH (Input 2) results in the increased production of
NADH, which can be followed by optical and electrochemical means; as shown in
Fig. 7.8. With respect to optical measurements, the absorbance increase charac-
teristic of NADH formation was monitored at A = 340 nm (note that the system’s
background absorbance was subtracted), as provided in Fig. 7.10A. In the electro-
chemical experiments, the NADH oxidation was mediated by MG [134], and the
obtained current values corresponded to the concentration of NADH produced in
the course of the biocatalytic reaction, Fig. 7.10B. The system emulated the AND
logic gate when the reaction that ensued resulted in the formation of elevated levels
of the product only in the presence of both reacting species: the substrate (lactate)
and the enzyme (LDH) [input signal combination (1,1)], Fig. 7.10C. However, since
the logic ‘0’ values of both input signals do not correspond to truly zero concentra-

tions of the reactants, the product is also generated at what should be considered

‘0’ logic values [i.e. in the presence of input combinations (0,0), (0,1), (1,0)].
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In order to analyze the output function of the biocatalytic system for the given
logic values of the input signals, measurements were performed across an array of
substrate (lactate) and enzyme (LDH) concentrations.

The normalized (to the maximum observed value) experimental response
surface obtained by optical absorbance spectroscopy (top row) and electrochemical
current measurements (bottom row) is illustrated in Fig. 7.11 for reaction times
of tyae = 360 and 300 s, respectively. As one can observe, both the measured,
Figs. 7.11A and D, and fitted, Figs. 7.11B and E, surfaces obtained by the two
methods are consistent. The logic surfaces extracted from optical and electrochem-
ical measurements, provided Figs. 7.11C and F, exhibit noteworthy similarity. This
is also confirmed via a comparison between the output logic values at four logic
points from the two data sets; see Fig. 7.12. In this plot, the z-values correspond-
ing to (0,0) and (1,1) logic input combinations are at ‘0’ and ‘1’, respectively,
while z-values for two other logic input pairs, (0,1) and (1,0), fall in between.
Note that the outputs from the latter pair are not in as close proximity to logic ‘0’
as they should be for a true AND gate owing to the fact that these logic values
correspond to different nonzero concentrations of the inputs and, as such, cannot
be set equal to one another or to the output at (0,0).

The similarity between the two response surfaces is also manifested in sim-
ilar noise characteristics evaluated for each response. Both the noise amplification
factors (the degree to which the random input noise is amplified at a particular
logic value), illustrated in Figs. 7.13A and C, and the spread regions (the sepa-
ration between the logic points for a given value of the input noise distribution

width), shown in Figs. 7.13B and D, are in good agreement with respect to both

out

qualitative and quantitative measures. From the plots of o7 /0in, the response

of the AND gate to noise present at its inputs can be gauged. If the maximum

out

of o /o is greater / less than 1, then the logic gate amplifies / suppresses in-

coming random noise. In particular, one can observe that the logic point with the
most inherent noise (irrespective of the input noise spread), in other terms, the
input yielding the largest ratio o9j"/c,, is (1,0). At this point, the LAC/LDH
concentration is the greatest / least. Even though the noise is actually suppressed
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Figure 7.10: (A) Optical absorbance (A = 340 nm) and (B) electrochemical
amperometric (0.1 V vs Ag/AgCl) detection of the NADH output generated by the
LAC/LDH biocatalytic cascade upon different combinations of the input signals,
(a) (0,0), (b) (0,1), (¢) (1,0), and (d) (1,1). (C) The truth table corresponding
to the AND logic operational functionality of the system.
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Figure 7.11: Experimental data and their interpolation for optical (A-C) and
electrochemical (D-F) measurements. Panels (A) and (D) illustrate the experi-
mental response surface for the LAC/LDH-based AND gate; (B) and (E) provide
the numerical fit according to Eq. (7.5), with the resulting parameters « and (
extracted as 0.645 (0.241) (mM)~! and 3.68 x 1073 (4.10 x 1073) U~'L for op-
tical and (electrochemical) datasets, respectively. Panels (C) and (F) exhibit the
response surface in terms of the logic-range variables x, y, and z, which have un-
dergone proper scaling and shifting to conform within the established limits (since
the logic ‘0’ values are not defined at zero concentrations).
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Figure 7.12: Normalized output logic values z for the four logic input permuta-
tions to the LAC/LDH AND gate.

at the (1,1) logic point (0§ /03, =~ 0.5 < 1), poor performance (0§} /0y, > 2; see
Fig. 7.13) at the (1,0) logic point implies that this system, in general, is not very
suitable for incorporation in large networks of biochemical logic gates without the
addition of filtering elements [31, 225] aimed at reducing noise.

The present approach of estimating the random noise amplification factor by
assuming a Gaussian input distribution becomes inappropriate for o;, exceeding
~ 0.2, whereby the spread of the distribution becomes comparable to a sizable
fraction of the unit interval. While the af}-‘t /o profile tends to decrease for oy,
beyond 0.1, the overall shape of z(z,y) in the present system is convex, which
implies that the AND gate always amplifies analog noise [31].

In practice, the physiological spread of the input concentrations is sub-

stantially less than 20%, at least for the (0,0) logic input. Indeed, the observed
concentrations for LAC are within the 0.5 - 2.25 mM range, while the LDH values
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Figure 7.13: Noise propagation properties of the LAC/LDH AND gate, as cal-
culated from fits of the optical (A,B) and electrochemical (C,D) data. Panels (A)
and (C) display noise amplification factors o /oy, versus the assumed width of
the input noise distributions, o;,. Panels (B) and (D) illustrate the spread region
versus width of the input noise distribution o;,. The dashed line denotes the aver-
age value, (z);;, of the logic output, while the solid lines of the same color indicate
the upper and lower bounds of the spread region, (z);; a;?;-‘t.
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are distributed over the 42 - 180 U L' interval [232, 233]. The average values that
are employed as the logic ‘0’ inputs are 1.6 mM and 150 U L~! for LAC and LDH,
respectively. This indicates that the distribution of the inputs is not symmetrical
and that the distribution spread is mutually exclusive for both LAC and LDH.
Accordingly, calculations only yield a qualitative estimate of the noise amplifica-
tion at this logic point. By taking o;, = 10%, which is the average of the data
spreads for the z and y logic inputs (15% and 5%, respectively), it can be deduced
that the intrinsic noise in the system will be amplified by 120% at this logic point.
Assuming that the input noise spread remains constant and unperturbed for all
other logic points, the maximum noise amplification produced by this gate would
be roughly 3.6 dB when provided with the (1,0) input.

This degree of amplification of the incoming noise does not, however, pre-
clude practical utilization of the presented gate. Analysis of the spread region
plots in Figs. 7.13B and D, attests that, at o, = 10%, the (1,1) logic point is well-
separated from the other logic points by a margin of approximately 0.5 despite the
fact that the average outputs at (0,1) and (1,0) are not 0. However, if o;, increases
to 30%, the spread regions of (1,1) and (1,0) points begin to overlap, and it may
not be possible to distinguish between the ‘0’ and ‘1’ levels of the output signal.

Analagous to the previous system, the catalytic reduction of GSSG (Input
1) in the presence of GR (Input 2), which proceeds in the presence of NADPH
(a constituent of the gate machinery), results in an elevated concentration of GSH
in the solution, which can be monitored by optical and electrochemical means,
Fig. 7.9. With respect to optical measurements, in order to convert GSH to a
chromogenic product, DTNB (Ellman’s reagent) was employed, which resulted in
the formation of TNB, which was monitored optically at A = 412 nm, Fig. 7.14A.
With respect to the electrochemical experiments, GSH oxidation was catalyzed
by a CoPC-impregnated SPE [234, 235]. The current obtained corresponds to
the concentration of GSH produced in the course of the biocatalytic reaction,
Fig. 7.14B. The system represents an AND logic gate when the reaction results
in the formation of a product only in the presence of both reacting species, the

substrate (GSSG) and the enzyme (GR) (i.e. input signal combination (1,1)),
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Figure 7.14: (A) Optical absorbance (A = 412 nm) and (B) electrochemical
chronoamperometric (0.5 V vs Ag/AgCl) detection of the GSH output generated
by the GSSG/GR biocatalytic cascade upon different combinations of the input
signals, (a) (0,0), (b) (0,1), (c) (1,0), and (d) (1,1). (C) The truth table corre-
sponding to the AND logic operation of the system.
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Figure 7.15: (A) Optical measurements and numerical fitting of the response
surface for the GR-based gate. (A) Experimental response surface. (B) Numerical
fit of the surface in (A), according to Eq. (7.5), yielding estimates of a = 1.14 x
1072 (uM)~" and 8 = 0.00 U™ L. (C) Logic surface z(x,y).

Fig. 7.14C. However, analogous to the LAC/LDH system, logic ‘0’ values of the
input signals do not correspond to zero concentrations of the reactants, implying
that some amount of the product is also generated at logic ‘O’ values for one or
both inputs. In order to analyze the output function of the biocatalytic system for
the given input logic signals, measurements of the variable concentrations of both
logic inputs (the substrate (GSSG) and enzyme (GR)) were performed. In contrast
to the LAC/LDH system, which can directly serve as a logic gate injury detection
paradigm for abdominal trauma [151, 152, 153, 154], GR/GSSG is an example of
a system which shows potential for intracellular investigations. Concentrations of
the enzyme (GR) and its substrate (GSSG) used in the present study correspond
to those levels found within the intracellular space of erythrocytes. However, the
presence of these biomarkers in blood occurs in scenarios where erythrocytes are
ruptured, which can serve as a symptom of radiation exposure or severe oxidative
stress [236]. Thus, further biomedical studies are required to determine the normal
and pathophysiological concentrations of the biomarkers in blood.

In general, the optical response surface and noise properties of this logic
system exhibited noteworthy similarities to the one discussed in the previous sub-
section. Omne can ascertain from the response surface provided in Fig. 7.15 and
normalized logic outputs in Fig. 7.16 that the (0,1) and (1,0) points are displaced
from ‘0’, in direct correspondence with the results provided earlier in Figs. 7.11 and

Fig. 7.12. Furthermore, the agreement between optical and electrochemical mea-
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Figure 7.16: (A) Normalized output logic values z for the four logic input per-
mutations to the GSSG/GR AND gate.

surements at the logic points is satisfactory, as is evident from Fig. 7.16. Therefore,
for the GR/GSSG system, electrochemical measurements were performed only at
the four logic points for validation purposes rather than proceeding with a mapping
of the entire response surface.

The maximum noise amplification factor produced using this logic gate
incarnation is greater than 100% (Fig. 7.17A), which is not surprising given the
overall convex shape of the response surface in Fig. 7.15. The computed ratios
0f" o are actually less in magnitude than those calculated for the LAC/LDH
system (see Fig. 7.13). This indicates that the system exhibits somewhat better
noise performance, that is, it amplifies input noise to a lesser extent than the
LAC/LDH logic gate (the maximum amplification factor here is 2.3 dB vs 3.6 dB
for the LAC/LDH gate). However, owing to the larger variation in the average z-
values at the logic ‘0’ points (Fig. 7.16), the spread region void that differentiates
the logic ‘1’ from the logic ‘0’ outputs is, in fact, reduced (0.3 vs 0.5 for the
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Figure 7.17: Noise propagation properties of the GSSG/GR AND gate, as cal-
culated from a fit of the optical data. Panel (A) displays noise amplification factors

ofi" /o versus the assumed width of the input noise distributions, ¢;,. Panel (B)

illustrates the spread region versus width of the input noise distribution o;,. The
dashed line denotes the average value, (z);;, of the logic output, while the solid
lines of the same color indicate the upper and lower bounds of the spread region,
(2)i £ 0"

LAC/LDH gate), as seen in Fig. 7.17B. This is a direct consequence of the narrow
physiological concentration profile embodied by GR, which effectively narrows the
intrinsic separation between the ‘0’ and ‘1’ values.

From numerical analysis of the response surfaces, both the LAC/LDH and
GSSG/GR logic gate implementations possess similar noise characteristics, that is,
they amplify random noise present at their inputs with a maximum noise amplifica-
tion factor of 2.3 (3.6 dB) and 1.7 (2.3 dB) for the LAC/LDH and GSSG/GR gates,
respectively. Both of these gates also exhibit systematic noise due to the nonzero
output product at logic ‘0’. However, at realistic values of the input noise distribu-
tion widths, on the order of 10%), it is nevertheless possible to distinguish the logic
‘1’ output from logic ‘0’ outputs even though the three logic ‘0’ points (0,0), (0,1),
and (1,0) embody substantial nonzero logic output values. This substantiates that
a reliable detection of pathophysiological conditions [103, 126, 156, 157, 166, 171]
can be achieved by such logic gates [128]. It is crucial to consider that, for wider
distributions of the input noise or in a network of connected gates, noise suppres-
sion mechanisms, such as filtering, which lead to output products with sigmoidal

dependence on the chemical inputs, must be deployed and utilized to enable further
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information processing complexity with biochemical logic.
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ular Biosystems, 6(12):2554-2560, 2010. The dissertation author was a co-author
of the manuscript and had substantial original contributions to this work.

Portions of Chapter 7, section 3 were taken from D. Melnikov, G. Strack,
J.A. Zhou, J.R. Windmiller, J. Halamek, V. Bocharova, M.C. Chuang, P. Santhosh,
V. Privman, J. Wang, and E. Katz. Enzymatic AND logic gates operated under
conditions characteristic of biomedical applications. Journal of Physical Chemistry
B, 114(37):12166-12174, 2010. The dissertation author was a co-author of the

manuscript and had substantial original contributions to this work.



Chapter 8

Electronic support systems

In the realm of ideas everything depends on enthusiasm.
In the real world all rests on perseverance.

—Johann Wolfgang von Goethe

As discussed in previous chapters, enzyme logic gates have been lever-
aged to enable a high-fidelity assessment of pathophysiological status in unam-
biguous ‘YES’/‘NO’ terms corresponding to the presence of one or more injuries
(42, 43, 128, 129, 130, 134]. Advantageously, the enzyme logic paradigm facilitates
straightforward chemical analysis since the output of these gates is truly binary
and unambiguous in nature. Recognizing the unique ability of enzyme logic gates
to integrate patterns in multiple biomarkers to yield a single output, a redesign of
the supporting electronics is necessary due to the substantially dissimilar opera-
tional principles embodied by such logic gates when compared with conventional
single-analyte amperometric biosensors relying on simple potentiostatic control. A
new electronics sensing methodology is thus required whereby the binary nature
of the chemical output can be exploited. Moreover, the enzyme logic architec-
ture eliminates the requirement for scaling the number of sensing elements with
the number of chemical analytes under investigation; the fluctuations in multi-
ple biochemical markers can be integrated and processed to yield a single output,
which can be monitored by a single electronic sensing element. This property can,

in turn, alleviate the power consumption burden associated with multiple sensing
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components. Thus far, however, microelectronic systems have not been adapted to
meet the unique demands of digital sensors that exploit biocomputing principles.

Microelectronics have traditionally been leveraged to achieve the miniatur-
ization that is a core requirement of modern electrochemical biosensors as well as to
extend their operating times on battery power [237]. Advances in microelectronics
have resulted in evolutionary changes to electroanalytical instrumentation, with
miniaturized and inexpensive integrated circuits performing numerous functions.
However, the interface between the electronic and chemical constituents of biosen-
sors remains as one of the key limitations towards the realization of miniaturized,
low power devices. Most notably, parallel detection must be employed when mul-
tivariate chemical analysis is required. In such schemes, a specific sensing element
is required to monitor the level of each unique chemical entity [19]. Consequently,
highly parallel sensor arrays necessitate the utilization of multiple electronic sens-
ing elements for controlling multiple working electrodes, thereby scaling power
consumption and device size accordingly. Alternatively, chemical reactions may be
engineered to manipulate multiple chemical entities in the chemical domain prior
to transduction to the electronic domain for further processing. In this manner,
chemical signal processing can be exploited in order to enable the detection of sev-
eral analytes with a single sensing contingent. This would enable a further degree
of miniaturization and reduced power consumption while maintaining the overall
functional capabilities of the complex system.

In order to properly interface with the enzyme logic paradigm, a new class
of micro-/bioelectronic sensors has been designed, fabricated, and evaluated that
are specifically configured to harness the bioprocessing capabilities of biomolecu-
lar logic systems and to provide amperometric transduction of signals generated
by enzyme logic biosensors. The multivariate and versatile sensing capabilities of
the concept are demonstrated, taking clinically relevant scenarios corresponding to
combat injuries as a model. This biosensor is evaluated towards the amperometric
determination of pathological levels of creatine kinase (CK, E.C. 2.7.3.2) / lactate
dehydrogenase (LDH, E.C. 1.1.1.27) and lactate / lactate dehydrogenase for the
diagnosis of soft tissue injury (STI) and abdominal trauma (ABT), respectively.
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Figure 8.1: (A) Process flow diagram outlining the equivalent functional behavior
of the microelectronic sensing system and (B) the circuit-level schematic of the
supporting electronics designed for the analysis of abdominal trauma. In order to
realize correct logic operation, the CMOS AND logic gate in the figure is replaced
with a CMOS NAND logic gate for the readout of the soft tissue injury system.
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The sensor employs enzyme cascades that emulate the operational functionality of
NAND (STI) and AND (ABT) logic gates in connection with the detection of
the biocatalytically processed chemical information via disposable carbon screen
printed electrodes (SPE). The biosensor system enables a clinically relevant switch-
ing threshold to be pre-programmed into the device and configured as needed for
the intended injury/application. The results presented clearly indicate the po-
tential of the new concept for the unequivocal identification of pathophysiological
conditions. It is anticipated that a user-friendly bioelectronic sensing system, such
as the one discussed here, would be well-suited to empower a minimally-trained
operator with the ability to identify a wide array of chemical agents of importance
in various clinical, security, and environmental scenarios.

A linear voltage regulator (LP3990), switched capacitor voltage converter
(LM2664), quad micropower precision amplifier with CMOS input (LMP2234),
and micropower comparator with CMOS input (LPV7215) were procured from
National Semiconductor (Santa Clara, CA). CMOS two-input AND (74LX1G08)
and NAND (74LX1G00) gates were obtained from STMicroelectronics (Geneva,
Switzerland). A CR1025 3 V manganese dioxide lithium-ion coin cell battery was
purchased from Panasonic Corp. (Osaka, Japan). All other passives (resistors,
potentiometers, capacitors, LEDs, switch, and battery holder) were acquired from
Digikey Corp. (Thief River Falls, MN). Block-level and circuit-level diagrams are
illustrated in Fig. 8.1A and B, respectively.

The linear voltage regulator was configured to generate a +1.8 V supply
rail from the 3 V battery, which was fed into the switching voltage converter,
thereby yielding a -1.8 V rail to implement fully differential voltage compliance
at the potentiostatic unit. A NAND gate was employed for the STI experiments
in order to invert the logic output generated by the comparator and consequently
drive the status indicator LED. For the ABT experiments, an AND gate was used
in the place of the NAND gate to drive the status indicator LED. The selection of
resistors employed in the potentiostat was as follows: Ry = Ry = Rg = Rg = 1 M(Q,
Ry = 1 k2, Ry = 43 k2, R5 = 100 k2, and R; was adjusted in accordance with
the switching threshold required by the application. The selection of capacitors
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Figure 8.2: Layout schematic of the microelectronic sensing system including the
application plane, power and ground planes, and the reference plane.
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Figure 8.3: (A) Image of the microelectronic system (US one cent and screen
printed three-electrode strip shown for size comparison). (B) Obverse and reverse
detail of the microelectronic system indicating the locations of the constituent
components on the PCB.

employed in the potentiostat was as follows: C; = Cy = 1 uF (used for regulator
stability), C3 = C4 = 3.3 uF (switched converter charge storage), and C5 = 1 uF
(low-pass filtering).

A 19 x 19 mm 4-layer printed circuit board (PCB) was custom-designed
using an AutoCAD (Autodesk, San Rafael, CA) electrical layout editor and out-
sourced for fabrication. The PCB consisted of separate power and ground planes
as well as a battery holder on the reverse side. A 4-layer board layout schematic,
detailing the placement of all the traces, vias, and pads, is shown in Fig. 8.2. Pho-
tographs of the complete microelectronic device and its components are shown in
Figs. 8.3A and B, respectively.

The fabrication of the screen printed electrodes employed in this study has
been detailed earlier.

Among the plethora of relevant biomarkers implicated in soft tissue injury

(STI), serum levels of CK and LDH become noticeably elevated under circum-
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stances where muscular exertion, fatigue, injury, and trauma are sustained [103].
CK, a specific indicator of rhabdomyolysis, has been shown by Kaste et al. [106]
to increase from an average serum level of 100 U L~ under normal physiological
conditions to around 710 U L~! when an STI event has been incurred. Likewise,
circulating levels of LDH, an enzyme frequently employed for the determination
of tissue breakdown and hemolysis, can increase markedly from around 150 U
L' under normal circumstances to over 1000 U L~! under pathological states
(104, 105].

Abdominal trauma (ABT), whether of the penetrating or blunt variety,
represents a common class of combat injury whereby one or multiple organs in
the abdominal cavity are ruptured or otherwise damaged [238]. In such scenarios,
serum LAC and LDH are among the biomarkers of choice in the clinical setting
when assessing organ damage and malfunction [154, 239]. Whereas LDH exhibits
a similar concentration profile as indicated above under this class of injury [105],
LAC has been shown to increase by Hara et al. from 1.6 mM to 6.0 mM [105, 238].

In both the systems under investigation (STT and ABT), the normal phys-
iological concentrations of the selected biomarkers were employed as digital ‘0’
input signals, while the elevated pathological concentrations were defined as ‘1’
input signals. Thus, the systems were evaluated at four different combinations of
the input signals: (0,0), (0,1), (1,0), and (1,1), where only the last combination
corresponded to pathological scenarios, while the three other logic permutations
reflected normal conditions or other irrelevant physiological anomalies. In addition
to the binary levels of the input injury biomarkers, other reagents were experimen-
tally optimized and employed at constant concentrations. These supporting chem-
icals served as the system “machinery” and therefore performed the biochemical
analysis of the logic input signals.

The STI experiments were conducted by employing 0.3 mM reduced nicoti-
namide adenine dinucleotide (NADH), 0.5 mM phosphoenolpyruvate (PEP), 2 mM
adenosine triphosphate (ATP), 15 mM creatine (CRTN), 0.3 mM methylene green
(MG), 2000 U L~ pyruvate kinase (PK, E.C. 2.7.1.40), 100 U L' (‘0’) / 710 U
L7! (‘1) CK, and 150 U L=* (*0’) / 1000 U L' (‘1’) LDH in a 50 uL sample vol-
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ume. All reagents were mixed in a tube and subjected to a 180 s incubation at 37°
C in a heatblock. Following this incubation period, the solution was dispensed on
the electrode surface and a chronoamperogram was subsequently initiated whereby
a working electrode potential of 0.0 V vs Ag/AgCl was maintained for 60 s.

The ABT experiments were conducted by employing 10 mM nicotinamide
adenine dinucleotide (NAD*), 1 mM MG, 1.6 mM (‘0’) / 6.0 mM (‘1’) LAC,
and 150 U L' (‘0’) / 1000 U L™'L (‘1) LDH in a 50 uL sample volume. All
reagents were mixed in a tube and subjected to a 180-s incubation at 37° C in
a heatblock. Following this incubation period, the solution was dispensed on the
electrode surface and a chronoamperogram was subsequently initiated whereby a
working electrode potential of 0.0 V vs Ag/AgCl was maintained for 60 s.

It should be noted that references to digital logic gates in bold typeface
(i.e. NAND) represent enzyme-based manifestations of logic gates. On the other
hand, references without a bold typeface (i.e. NAND) represent their CMOS
counterparts.

The new electronic architecture has been designed to control biocomput-
ing systems applied to diagnostic merits. To simplify analysis, a Randles-Ershler
equivalent R-C circuit model [85, 240, 241] is employed to emulate the electrical
behavior of the electrochemical system, as displayed in Fig. 8.1B. This model con-
sists of a parallel capacitor (Cy, corresponding to the double layer capacitance
arising from the accumulation of a net surface charge at the working electrode)
and resistor (Ry, corresponding to the charge transfer / Faradaic resistance arbi-
trated by the electroactive species) in series with another resistor (R¢, the total
solution resistance) [85, 242]. The potentials at the working, counter, and reference
electrodes are denoted as Vg, Vog, and Vgg, respectively. The positive supply
voltage is denoted as V*.

As illustrated in Fig. 8.1B, the potentiostatic unit consists of two LMP2234
precision instrumentation operational amplifiers (OA) configured in the following
arrangement: control amplifier OA1 amplifies the differential voltage seen between
node Vx and ground (with gain A) and supplies current through the counter elec-

trode. Upon sensing a voltage generated at the reference electrode, OA2, a voltage
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follower /buffer, syncs sufficient current through R in order to maintain its output
voltage at the input (Vgzg) value. In turn, Vx is adjusted and the output poten-
tial / current of OA1 is modified accordingly. The control amplifier thus functions
as a voltage-controlled current source that delivers sufficient current to maintain
the reference electrode at constant potential and arbitrate the electrochemical re-
action. In implementing negative feedback, it is imperative that OA1 be able
to swing to extreme potentials to allow the full voltage compliance required for
chemical synthesis. Furthermore, it is crucial that OA2 possesses very high input
impedance in order to draw negligible current; otherwise the reference electrode
may deviate from its intended operating potential. In practice, the use of precision
instrumentation amplifiers possessing 20 fA or less of input bias current enables
unabated operation to the sub-picoampere level, which is suitable for nearly all
electrochemical studies of practical interest.

Employing the equivalent circuit model of the electrochemical cell, the cur-

rent through the cell may be expressed in the frequency domain (w) as

o AVx — Vg
and the voltage established at the reference electrode is given by the relation

(8.1)

ICELL (w)

. Ry
V, =W [ S— 8.2
rE (W) WE T lCELL (1 +jWRWCW) ; (8.2)

where icgrr, represents the current flowing from the counter electrode to the
working electrode. The voltage at the counter electrode will follow the potential

seen at node Vi,

(=1 Vg — (Ro/R) VT

Vop (w) = AVx = A CA—1=(Ry/R)) :

(8.3)
and
¢ = 1
1+ (Rc/Rw> (1 —Q—jWRWCW).

The potential at the working electrode (with respect to the reference) must

(8.4)

be specified as it is a crucial parameter in electrochemistry that dictates the exci-

tation of the electroactive species. More specifically, the application of a suitable
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potential at the working electrode will ensure that the electroactive substance
within the medium is oxidized or reduced. Consequently, this will yield a Faradaic
current proportional to the concentration of the analyte by the Cottrell equation
[242]. Synthesizing the above expressions, network analysis may be performed,

yielding the frequency-domain voltage at the working electrode,

B —RyRy
- R (B + (Rw/ (1+ jwRwCw)))

and the DC response can be evaluated:

Vive (w) v (8.5)

—RyRs
Vive (DC) = mv# (8.6)

The above relations indicate that, for a system with Ry, > Rg, the potential
at the working electrode can be adjusted by modifying the ratio between Ry and R;.
More crucially, Egs. (8.5) and (8.6) elucidate that the working electrode voltage is
inversely proportional to the Faradaic resistance and therefore directly proportional
to the Faradaic current arising from the electrochemical reaction. Accordingly, by
the Cottrell equation, the concentration of the analyte can be extrapolated and
should be linearly related to the signal arising at the working electrode. It is
imperative to note that Rj is selected to enable best noise performance at the
expense of response time. Increasing this value will enable lower noise readings,
but longer response times. For quasi-real-time measurements where a reading is
recorded on a non-continuous basis at some fixed interval, it is appropriate to
employ a moderate R3 resistance in order to enable the highly sensitive detection
of the analyte.

OA3, an integrator (another LMP2234 precision instrumentation opera-
tional amplifier), implements a low-pass filtering operation and provides low-noise
gain to the signal arising at Viyp. Ry provides the necessary feedback at DC
/ low frequencies (where Cy has large reactance) to maintain a stable output at
the correct value. With suitable choice of Ry and Cjs, the integrator can mitigate
the high-frequency oscillation / instability induced by the capacitive loading of
the potentiostat. The output of the integrator is subsequently amplified by OA4

(LMP2234), a non-inverting voltage amplifier, in order to provide additional gain
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to bring the signal to rail levels. The output voltage of the final amplifier stage is

given by
R2 (R4/ (1 + jCUR4C5)) ( RG) n 1
\% = : 14— V", w.= 8.7
0 (CU) R1 (Rg + (Rw/ (1 + ]WRWow))> R5 w R4C5 ( )
and
RyRy ( R6)
VW(DC)= ——————— 1+ = | V™. 8.8
o(DC) Ry (Rs + Rw) Rs (8:8)

As can be deduced from Eqs. (8.7) and (8.8), the output voltage of OA4 is
inversely proportional to the Faradaic resistance and therefore directly proportional
to the Faradaic current arising from the electrochemical reaction. The output
voltage Vj thus serves as an indicator of the amount of electroactive analyte present
in the system.

Following the analog signal processing, V| is incident on a comparator,
which compares this value with a pre-established voltage Vi that is implemented
by adjusting the potentiometer R; in relation to a fixed resistor Rg. In the event
that Vj exceeds Vrp, the comparator will output the full rail voltage (logical ‘1’);
otherwise, the output of the comparator will be at ground potential (logical ‘0’).
In this manner, the device operates as a 1-bit analog-to-digital converter with an
adjustable switching threshold.

The output of the comparator is channeled to one of the inputs of a CMOS
logic gate and the other input is tied to the supply voltage. The CMOS logic
gate serves to source sufficient current to drive an LED. An AND logic gate is em-
ployed when the enzyme logic gate implements the AND operation. Accordingly,
when the output of the potentiostat and supporting analog subsystem exceeds the
pre-programmed threshold level, the comparator outputs a ‘high’ (logical ‘1’) volt-
age, hence driving the output AND gate high and thereby illuminating the LED.
Likewise, a NAND logic gate is utilized when the enzyme logic gate implements
the NAND operation. In this case, the presence of a sufficient level of analyte
would cause the output of the potentiostat and supporting analog subsystem to

fall below the pre-programmed threshold level. As a consequence, the output of
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Figure 8.4: (A) Biocatalytic cascade instigated by creatine kinase (CK) and
lactate dehydrogenase (LDH) emulating NAND operation, (B) the equivalent
logic system, and (C) the corresponding truth table with biomedical conclusions
drawn from the combinations of the input signals.

the comparator would fall to the ground potential (logical ‘0’), hence driving the
output of the NAND gate high and resulting in the illumination of the LED.

With the above implementation of the electronic hardware, the complete
sensor system consumed 218 pA of current at 3.0 V, and thus the total power
dissipation was 654 pW. Given a typical 30 mAh 3 V CR1025 coin cell battery,
such a system could be sustained for over 45 h under continuous use. Applying a 1(1)—0
duty cycle, which may be sufficient for most remote sensing applications that do not
mandate real-time readout, would result in the ability of the microsensor to sustain
operation for over six months on a single battery charge, hence substantiating its
integration into power- and space-constrained sensor implementations.

With a robust electronic backbone in place, the micro-/bioelectronic sen-

sor system was applied towards diagnostic merits: the detection of STI with an

enzyme-based NAND gate. Fig. 8.4A illustrates the biocatalytic cascade whereby
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Figure 8.5: (A) Bar chart featuring the NAND logic operation for the cor-
responding combinations of input signals. FElectrochemical measurements were
performed at E = 0.0 V vs Ag/AgCl. Dashed lines indicate the decision threshold
for the realization of NAND gate operation. (B) Images of the microelectronic
system under the application of various combinations of the input biomarkers CK
and LDH. Only the pathological scenario involving high levels of both CK and
LDH corresponding to the (1,1) logic level rendered an output logic 0, resulting
in the illumination of an LED.

the enzyme inputs CK and LDH are processed to yield NADH as an output. The
equivalent logic gate is shown in Fig. 8.4B. Upon the detection of abnormally high
levels of both CK and LDH, the quantity of NADH present in the chemical system
would decrease, as is evident from the truth table shown in Fig. 8.4C, thereby
triggering the illumination of the LED.

In order to resolve the proper switching threshold that would indicate the
occurrence of an STI event, the sensor was evaluated towards the operation of
the NAND gate under four input logic combinations. Fig. 8.5A displays a bar
chart obtained at the SPE by the NAND gate upon the application of all four of

the input logic combinations for three independent trials. At 60 s sampling time,
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the difference in mean voltage between the pathological logic level (1,1) and the
physiological logic level in closest proximity (1,0) was 0.898 V. An exceptionally
low standard deviation of less than 90 mV was maintained at every logic level.

Given the need to institute a threshold for the presentation of an affirmative
diagnosis, the decision threshold was established as the midway point between the
(1,1) and (1,0) logic levels, 0.535 V. As such, potentiometer R; was adjusted to
297 kQ and accordingly a voltage divider (with respect to Rg) was implemented to
realize a reference voltage (0.535 V) for the comparator. In pathophysiological cir-
cumstances that resulted in an output voltage V|, below this threshold voltage Vr,
light emission from the LED ensued. Fig. 8.5B displays photographs of the sensor
under the application of the (0,0), (0,1), (1,0), and (1,1) logic levels once the
programmable threshold was established. Clearly, only the pathological scenario
(1,1) resulted in the illumination of the LED, thereby alerting the operator that an
STI event has occurred and demonstrating the system’s unambiguous assessment
of the pathophysiological state.

Following the system-level validation of the micro-/bioelectronic sensor to-
wards the evaluation of STI, the sensor was subsequently applied towards the
detection of ABT with an enzyme-based AND gate. The biocatalytic cascade is
displayed in Fig. 8.6A whereby the input biomarkers LAC and LDH are processed
to yield NADH as an output. The equivalent logic gate is shown in Fig. 8.6B.
In contrast to the STI system, upon the detection of abnormally high levels of
both LAC and LDH, the quantity of NADH present in the chemical system would
increase. This trend can be inferred from the truth table shown in Fig. Fig. 8.6C,
and this process can be monitored by the operator via an LED display.

Asin the STI system, in order to resolve the proper switching threshold that
would indicate the occurrence of an ABT event, the sensor was evaluated towards
the operation of the AND gate under four input logic combinations. Fig. 8.7A
displays a bar chart obtained at the SPE by the AND gate upon the application
of all four of the input logic combinations for three independent trials. At 60 s
sampling time, the difference in mean voltage between the pathological logic level

(1,1) and the physiological logic level in closest proximity (0,1) was 0.267 V. An
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Figure 8.6: (A) Biocatalytic cascade instigated by lactate (LAC) and lactate
dehydrogenase (LDH) emulating AND operation, (B) the equivalent logic system,
and (C) the corresponding truth table with biomedical conclusions drawn from the
combinations of the input signals.



190

(A) 1.6

(0,0) (0,1) (1,0) (1,1)
Inputs (LAC, LDH)

(0,1) (1,0) (1,1)

(OFF) (OFF) (OFF) (ON)

Figure 8.7: (A) Bar chart featuring the AND logic operation for the correspond-
ing combinations of input signals. Electrochemical measurements were performed
at E = 0.0 V vs Ag/AgCl. Dashed lines indicate the decision threshold for the
realization of AND gate operation. (B) Images of the microelectronic system
under the application of various combinations of the input biomarkers LAC and
LDH. Only the pathological scenario involving high levels of both LAC and LDH
corresponding to the (1,1) logic level rendered an output logic 1, resulting in the
illumination of an LED.
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exceptionally low standard deviation of less than 60 mV was maintained at every
logic level.

In order to achieve the highest-fidelity diagnosis possible, the decision thresh-
old was established at the median between the (1,1) and (0,1) logic levels, 1.254
V. As such, potentiometer R; was adjusted to 697 k() and accordingly a voltage
divider (with respect to Rg) was implemented to realize a reference voltage (1.254
V) for the comparator. In pathophysiological scenarios that resulted in an output
voltage V, exceeding this threshold voltage Vi, light emission from the LED en-
sued. Fig. 8.7B displays photographs of the sensor under the application of the
(0,0), (0,1), (1,0), and (1,1) logic levels once the programmable threshold was es-
tablished. Clearly, only the pathological case (1,1) resulted in the illumination of
the LED, thereby alerting the operator that an ABT event has occurred and again
demonstrating the system’s diagnostic integrity and utility as a versatile backbone
for the readout of enzyme logic gates.

It is anticipated that the two systems presented here will function as in-
tended for a majority of the population in circumstances where the biomarker
levels fall within clinically established ranges. However, in both scenarios, owing
to the variable extent of afflictions and the presence of a myriad of sources of poten-
tial interference, the execution of a large-scale clinical investigation that integrates
various degrees of injury is imperative in order to select the most optimal decision
threshold level for the population at large.

A microelectronic backbone has been designed towards the control and read-
out of digital biosensors with built-in enzyme logic and evaluated towards the diag-
nostic assessment of soft tissue injury and abdominal trauma. Upon sensing patho-
logical levels of the biomarker pairs CK / LDH and LAC / LDH using NAND and
AND enzyme logic gates, respectively, the sensor rendered an affirmative diagno-
sis via the illumination of an LED. Leveraging the intrinsic biochemical processing
capabilities of enzyme logic gates, the sensor is designed to harness the quantized
and binary nature of the chemical outputs generated by these gates, hence enabling
decisive operational merits such as unambiguous ‘YES’/‘NO’ readout, rapid mea-

surement, small size, and extended battery lifetime. With a detailed understanding
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of the analytical capabilities of enzyme logic gates and suitable methods of elec-
tronic transduction, high-fidelity biocomputing sensing systems can be constructed
and implemented in a straightforward manner. In this vein, detailed multivariate
chemical analysis can be tendered regardless of the nature or complexity of the en-
zyme logic gates utilized. The micro-/bioelectronic sensing concept represents the
first instance of the development of an electronic system specifically tailored for the
evaluation of biocomputing systems applied to diagnostic merits. The low-power,
low-cost, and miniaturized embodiments of the sensor system make the design
particularly attractive for diverse field operations and meets the requirements of
field-deployable logic gate amperometric sensors. With further development of the
supporting microelectronic systems, the sensor system would empower the non-
technical end-user with the ability to assess the presence of chemical species in
various clinical, security, and environmental scenarios in a straightforward and
convenient manner. Such a reconfigurable micro-/bioelectronic logic-based multi-
parameter sensing system shows considerable potential for the assessment of key
analytes in a multitude of relevant applications where go/no-go readout, rapid
measurement, device miniaturization, and extended longevity on battery power

are core requirements.

Portions of Chapter 8 were taken from J.R. Windmiller, P. Santhosh, E.
Katz, and J. Wang. Bioelectronic system for the control and readout of enzyme
logic gates. Sensors and Actuators B, 155(1):206-213, 2011. The dissertation

author was the primary investigator and author of this manuscript.



Chapter 9

Textile-based transducers

Any intelligent fool can make things bigger and
more complex... It takes a touch of genius -
and a lot of courage to move in the opposite direction.

—Albert Einstein

Wearable chemical sensors can provide pertinent information regarding the
wearer’s health or can be implemented for monitoring their surrounding environ-
ment [243, 244]. Accordingly, textiles represent an attractive class of substrates
for the fabrication of such wearable chemical sensors [245, 246]. Advantageously,
fabrics exhibit a plethora of unique chemical properties that can be exploited for
various practical applications and are especially suited to handle the rigors of field-
based use where durability and light-weight are core requirements [245, 246]. The
integration of chemical sensing into textiles thus permits the wearer to receive
extremely valuable and timely chemical information without compromising the
functionality or comfort of the garment. To this end, reports have disclosed the
fabrication of thick-film (screen-printed) amperometric sensors directly onto the
elastic waistbands of undergarments [247]. Such studies have indicated that screen
printing technology, which involves the selective patterning of conductors and in-
sulators on planar substrates, is a viable option for the realization of wearable
electrochemical sensors. However, little is known with regards to the compati-
bility of diverse varieties of fabrics with the thick-film sensor fabrication process.

For example, textile-based sensing applications require a dense, hydrophobic outer
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surface with desirable morphology, which can be realized by conventional screen-
printing techniques provided that some relatively minor process modifications are

made.

9.1 Electrochemical sensing on activewear

In addition to providing a means to monitor a wearers personal health,
there are considerable demands for the development of wearable sensors that con-
tinuously assess the wearers local vicinity in order to identify potential hazards
and threats, thereby providing a further layer of protection [248]. Monitoring the
wearer’s external environment is expected to increased survival rates in hazardous
conditions. For example, growing concerns regarding terrorist activity have gener-
ated tremendous demands for innovative field-portable tools capable of detecting
explosive compounds in a faster, simpler, and reliable manner [249].

Homemade explosives are, by far, the most common means to inflict death
and destruction in terrorist attacks [250]. Common constituents of homemade ex-
plosives include urea nitrate [251, 252], ammonium nitrate [253], triacetone triper-
oxide (TATP) [254, 255], hexamethylene triperoxide diamine (HMTD) [255], 2,4-
dinitrotoluene (DNT) [256], and 2,4,6-trinitrotoluene (TNT) [257, 258, 259, 260],
among others. Due to the innate ability of DNT and TNT to withstand impact
and friction, these compounds have proliferated in use in improvised explosive
devices as a consequence of the reduced risk of accidental detonation during man-
ufacture and handling [261]. Additional desirable properties of these nitroaromatic
explosive materials are their stability, ease of mixture with other explosives, and
water insolubility, making them especially useful for wet environments [262]. Elec-
trochemical sensors offer unique opportunities for addressing the needs for field
screening and identification of various nitroaromatic explosives [66]. In particular,
the inherent redox activity of the widely used nitroaromatic explosives (e.g., TNT)
makes them ideal candidates for electrochemical detection [66, 263].

The influence of various commercially-available textile materials upon the

quality and performance of screen printed electrodes (SPE) has been examined in
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an effort to identify an optimal fabric for the realization of high-fidelity electro-
chemical sensors for the detection of explosive agents of importance in security
applications. In particular, differences in the hydrophobicity of the textile sub-
strate are shown to have a profound effect upon the behavior of the corresponding
SPE. Textiles are comprised of materials from numerous sources including animals
(wool), plants (cotton), and synthetic formulations (nylon, polyester), all of which
possess widely different morphologies and physical / chemical properties. The
optimal textile candidate for supporting printable electrochemical sensors must
possess inert properties and yield stable operation for extended periods of time
under normal and heavy wear in circumstances where mechanical deformation can
be extreme. Additionally, liquid-phase measurements require the utilization of
water-proof fabrics, which would serve as excellent platforms for facilitating chem-
ical reactions in vitro. The fabrics evaluated in the present study include cotton,
polyester, and GORE-TEX®), a widely used constituent of outdoor garments.
GORE-TEX fabric, a textile known for its exceptional gas-permeable and liquid
exclusion properties, has been validated as a promising substrate for thick-film
electrochemical sensors. The new GORE-TEX SPE offers high-fidelity detection
of nitroaromatic explosives in the liquid- and gas-phases, and holds promise for
monitoring hazardous scenarios.

Previous incarnations of printed textile electrodes exhibited favorable elec-
trochemical behavior and mechanical / adhesion properties, although the textile
detrimentally absorbed the sample solution due to its hydrophilic nature, hence
leading to deteriorated sensing ability over time [247]. A fabric possessing water-
repellant properties and a densely-woven structure would serve as an excellent
candidate for use as the substrate to enable stable operation. It is thus a key
consideration to examine different varieties of textiles as potential substrates for
wearable screen-printed electrochemical sensors.

A few forms of widely-available fabric materials were evaluated in the study,
100% polyester and 100% cotton, as well as GORE-TEX, a completely waterproof
and breathable fabric intended for outerwear. The wettability of a given substrate

is often characterized by measuring the dynamic contact angle formed between a



196

Figure 9.1: (A) Dynamic optical contact angle measurements performed at t =
Os (left) and t = 1.5s (right) on (i) GORE-TEX, (i) 100% polyester, (iii) 100 %
cotton, and (iv) 35% cotton + 65% polyester fabrics. (B) Static contact angle
measurement performed on GORE-TEX fabric.



197

Figure 9.2: Screen printing process flow diagram detailing the steps involved in
the creation of complete electrochemical contingents on fabric substrates. (A) con-
ductive underlayer (Ag/AgCl), (B) active layer (graphite), (C) insulative overlayer
(polyvinyl chloride)

liquid drop (typically water) and a solid surface. Wetting is favored by low interfa-
cial, high solid surface- and low liquid surface-free energies. In greater abstraction,
wettability is arbitrated by composition, pore size, surface structure and porosity
of the fabric under investigation. Fig. 9.1A compares optical images captured in
real-time contact angle measurements on (i) GORE-TEX, (ii) 100% polyester, (iii)
100% cotton, and (iv) 35% cotton + 65% polyester at 0 (left) and 1.5 s (right)
following placement of a 10uL water droplet on the fabrics surface. These images
indicate that, at an elapsed time of 1.5s, the GORE-TEX surface did not wet,
whereas the droplets were almost entirely absorbed by the three other fabrics:
100% polyester, 100% cotton, and the 35% cotton + 65% polyester blend. As is
apparent, the GORE-TEX fabric exhibited the greatest hydrophobicity among all
the textiles examined.

Further, the apparent contact angle, ., for each fabric was evaluated using
a precision goniometer (CAM 100, KSV, Helsinki, Finland) and numerically fitted

using the Young-Laplace equation:

AP =—v -7 (9.1)

where AP represents the pressure differential at the fluid-textile interface,

v is the surface tension, and 7 is the unit vector normal to the interface. Since
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a polar liquid probe such as water penetrates rapidly through the hydrophilic
matrices (i.e. (i) 100% polyester, (iii) 100% cotton, and (iv) 35% cotton + 65%
polyester), the measurement of contact angles between such probes is not feasible.
The attractive hydrophobility / hydrophobicity of GORE-TEX is indicated from
a casual inspection of the contact angle measurement shown in Fig. 9.1B. The
contact angle was found to be 130° 4+ 5°. The distribution of fluorine atoms
circumscribed around the carbon polymer backbone in GORE-TEX exhibits low
surface energy, which yields non-polar characteristics. A strong surface tension
is formed due to this difference in the surface energy between the water droplet
and the GORE-TEX membrane. As a result, water beads form and the textile
exhibits hydrophobic properties. It is important to note that the resistance to
wetting observed on the GORE-TEX fabric corresponds to the waterproof property
claimed by the manufacturer. The pores of GORE-TEX membranes are smaller
(by several orders of magnitude) than the individual water droplets [264]. As the
wetting rate exhibited by the other fabrics was quite rapid, the effect of wetting
on the electrochemical behavior was evaluated further.

To further characterize the effect of wetting upon the electrochemical sens-
ing performance, cyclic voltammetry was performed using various fabric-based
electrodes, which were fabricated using a slight adaptation of the screen printing
process described earlier (shown in Fig. 9.2). Fig. 9.3 displays hysteresis curves
(repetitive cyclic voltammograms, CVs) recorded using the GORE-TEX (A), 100%
polyester (B), and 100% cotton (C) fabric-based electrodes in both phosphate
buffer (i) and 10mM potassium ferrocyanide solution (ii). To examine the dynamic
transition of the wetting condition, repetitive CV experiments were conducted with
a relatively high scan rate (300mV s~!). With respect to the background mea-
surements (in phosphate buffer), the GORE-TEX fabric-based electrode exhibited
minimal changes in the current upon repetitive scans. As the number of scanning
cycles is increased, a significant elevation in the recorded current is observed for
both the 100% polyester and 100% cotton fabric-based electrodes (particularly at
potentials greater than 0.4V vs Ag/AgCl). This can be ascribed to an increase

in the active electrode area owing to the wetting effect. The wetting transition
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Figure 9.3: Cyclic voltammograms of various fabric-based sensing devices in (i)
50mM phosphate buffer (pH7.4) and (ii) 10mM potassium ferrocyanide. First five
initial scanning cycles are shown. Fabrics: (A) GORE-TEX, (B) 100% polyester,
and (C) 100% cotton. Scan rate, 300mV s~*.

is also confirmed by observation whereby the entire fabric-based electrode strip
was eventually wetted by the sample solution. A similar behavior also occurred in
the ferrocyanide solution (ii), where the GORE-TEX fabric-based electrode pos-
sesses highly consistent CVs between subsequent cycles. On the other hand, a
continually increasing current is observed in both 100% polyester and 100% cot-
ton fabric-based electrodes. It is important to note that the GORE-TEX fabric-
based electrode yields comparable redox properties as traditional carbon printed
electrodes on inert solid substrates. However, only oxidation peaks at 0.4 V and
0.24V vs Ag/AgCl are recognizable in the polyester and cotton fabrics, respectively,
whereas the reduction peaks are largely obscured. These results demonstrate the
appealing electrochemical properties of the GORE-TEX fabric-based electrode.
With a suitable substrate identified, all subsequent analytical investigations were
thus executed with the GORE-TEX sensor.

Fig. 9.4A (left) exhibits an array of three eight-electrode electrochemical

sensors on GORE-TEX fabric (each containing one counter (carbon) electrode
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Figure 9.4: (A) Photographic images of various sensor patterns printed on the
GORE-TEX fabric. (Left) Integrated eight-electrode sensor array with silver con-
ductive traces and carbon working electrodes; (Center) same array insulated by
blue ink; (Right) single three-electrode electrochemical contingent. (B) Electron
micrographs of (i) the GORE-TEX fabric, (ii) printed carbon electrode on the
GORE-TEX surface and (iii) a magnified portion of the carbon electrode.
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and one reference (Ag/AgCl) electrode). Each sensor was insulated by printing
an insulting ink around the active electrode area, thereby forming the complete
GORE-TEX fabric-based electrode array (Fig. 9.4A, center). In addition, a typical
three-electrode design is patterned on the GORE-TEX substrate (Fig. 9.4A, right),
which is used in this study. The surface roughness and heterogeneous nature of
the carbon layer is expected to affect the electrochemical behavior and hence it
becomes essential to study the morphology of such surfaces. Micrographs of the
surface morphology, the boundary of the printed carbon electrode, and a close-up
of the printed carbon electrode surface on the GORE-TEX substrate are displayed
in Fig. 9.4B (i), (ii), and (iii), respectively. Fig. 9.4B (i) depicts the typical mor-
phology of a woven nylon protective layer that serves as the outermost layer of
GORE-TEX-based fabrics. An electron micrograph presented in Fig. 9.4B (ii) il-
lustrates the granular carbon layer, uniformly coated over the substrate. Note that
the carbon electrode printed on the woven nylon fabric exhibits a well-defined ap-
pearance with relatively smooth conductor edges, as opposed to printed electrodes
on polyester and cotton fabrics where the fiber structure is less organized, which
serves to hamper the printing of high-quality carbon electrodes. No apparent de-
fects or cracks are observed ((ii) and (iii)), which demonstrates the regularity of the
printed electrodes on each fiber. A further magnified image of the carbon electrode
is shown in Fig. 9.4B (iii) and illustrates the surface morphology in greater detail.
The carbon layer possesses a non-porous surface and consists of two different sized
carbon particles (3um and <1pm diameters) embedded in the binder matrix.
Although GORE-TEX-based textiles are known to be less stretchable and
more robust than other fabrics, normal wear and upkeep may affect the microstruc-
ture and morphology of the GORE-TEX fabric-based sensor and hence its perfor-
mance. The influence of such mechanical deformation thus requires a detailed
examination. The GORE-TEX fabric-based printed electrodes were hence sub-
jected to successive bending operations and the influence of this mechanical stress
upon the electrochemical performance was examined. Employing 10mM potassium
ferrocyanide as a redox probe, CVs were obtained following repetitive bending of

the fabric substrate (up to 60 bending iterations). A CV was recorded following
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Figure 9.5: (A) Effect of repetitive bending on the voltammetric waveform ob-
tained at the GORE-TEX fabric-based sensor employing 10mM potassium fer-
rocyanide. 'Ten bending operations were conducted between consecutive cyclic
voltammetric measurements. Bending time, 1s; release time, 1s. Bending was ap-
plied at an inward angle of 180° as the sensor was circumscribed around a mandrel
with a Imm radius. Scan rate: 100mV s~'. (B) Characteristic current profiles
recorded from the redox signal generated by ferrocyanide following ten such bend-
ing operations.

10 bending operations. As illustrated in Fig. 9.5A, such repeated bending of the
substrate does not appear to distort the voltammetric response in a noticeable
manner. Fig. 9.5B reveals the current profiles recorded from the redox activity of
ferrocyanide; the effect of this prolonged bending operation is minimal.

Although the rapid identification of deleterious healthcare conditions is of
widespread concern [247], wearable textile sensors may also be extended to appli-
cations aimed at monitoring the wearer’s surrounding environment. For example,
textile-based printed electrodes may enable the sensitive detection of explosive
compounds, hence providing an easily-deployable tool, particularly in field-based
security and military applications. Inline with the goal of assessing the levels of
DNT and TNT in the environment, the performance of the GORE-TEX fabric-
based sensor was evaluated by employing a hypothetical analytical procedure that
could be performed in the field (i.e. dispensing a drop of a liquid under test on a
fabric-based sensor). Fig. 9.6 illustrates the square-wave voltammograms (SWVs)

generated by increasing levels of DNT (A) and TNT (B) over the 0 to 50ug mL™*
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Figure 9.6: Square wave voltammograms (SWV, left) recorded at the GORE-
TEX fabric-based sensors towards the sensing of DNT (A) and TNT (B) in 0 - 50
pug mL~t (i — vi) and corresponding calibration plots (right). Potential step, 4mV;
Amplitude, 25mV; Frequency, 20Hz. Current in calibration plots are sampled at
-0.86V (A) and -0.75V (B) vs Ag/AgCIL
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Figure 9.7: Square wave voltammetric response of the GORE-TEX fabric-based
sensor to alternating blank / DNT (A) and blank / TNT (B) samples with analyte
levels at 20pg mL™t. Scanned potential: -0.6 to -1.2V vs Ag/AgCl (A) and -0.5
to-1.1V vs Ag/AgCl (B); SWV parameters, as in Fig.9.6. The surface was rinsed
with the blank buffer solution following each measurement.

range at the GORE-TEX fabric-based sensor. In direct comparison with reported
results in the literature [265, 266], the GORE-TEX fabric-based sensor exhibits
a well-defined peak at -0.86V vs Ag/AgCl for DNT and two reduction peaks (at
-0.75 and -0.95V ws Ag/AgCl) for TNT. Note also the appearance of a second
reduction signal (around -1.02V vs Ag/AgCl) at higher DNT concentrations. For
both nitroaromatic explosives, the first peak corresponds to the reduction of the
nitro groups, whereas the second peak corresponds to the reduction of the hydrox-
ylamine product to an amine-containg product. Owing to the relatively significant
signal observed at the less negative potential, calibration curves are plotted corre-
lating the current signals at -0.86V vs Ag/AgCl (Fig. 9.6A) and -0.75V vs Ag/AgCl
(Fig. 9.6B) with the explosive concentration. These display high linearity (R? >
0.99) along with the highly sensitive detection of DNT (0.38uA mL pg™!) and
TNT (0.33uA mL pg=!). For both DNT and TNT, a low detection limit (LOD)
of around 1pug mL~! can be interpolated from the concentration given a signal
equal to the blank level yg (intercept) plus three standard deviations of y-residuals
(sy/x). These results indicate that the fabric-based electrodes possess appealing
explosive sensing capabilities comparable to those of conventional screen-printed

voltammetric electrodes.
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Figure 9.8: Effect of laundry cycling on the square wave voltametrc response of
GORE-TEX fabric-based sensors; 20 pg mL~' of TNT is employed as the analyte.
(i) SWVs recorded before (i) and following the 1° (ii) and 3¢ (iii) laundry cycles;
SWV parameters, as in Fig.9.6.

The repeatability of the GORE-TEX fabric-based explosive sensor was sub-
sequently examined. The investigation consisted of casting 60uL of 20ug mL™!
DNT or TNT solution onto the GORE-TEX fabric-based sensor, recording the
sensor’s response, and then replacing the test sample with phosphate buffer and
measuring its response in the same manner. This ‘live-blank’ alternating cycle was
then repeated for an additional nine iterations; the sensor response was recorded in
each experiment over the potential window ranging from -0.6 to 1.2V vs Ag/AgCl
(Fig. 9.7A) and -0.5 to 1.1V wvs Ag/AgCl (Fig. 9.7B) for DNT and TNT, respec-
tively. The fabric-based sensor demonstrates a well-defined response towards the
detection of DNT and TNT and exhibits minimal waveform decay in the tenth
evaluation of DNT (RSD = 8.5% for DNT and 2.6% for TNT). These results indi-
cate the potential of the GORE-TEX fabric-based sensor to detect explosives in a
repetitive fashion with minimal deterioration in the sensor response and underscore
its utility as a reusable sensing modality rather than merely as a ‘one-time-use’
device.

Laundry washing represents another routine activity that may affect the
performance of textile-based sensors. Here, chemical deterioration (originating
from the detergent) in addition to mechanical deterioration may affect the sen-

sor’s electrochemical behavior. Fig. 9.8 illustrates the effect of laundry cycling the
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GORE-TEX fabric-based electrodes upon their voltammetric response for 20ug
mL~! TNT. The GORE-TEX fabric-based sensors were subjected to a traditional
laundry cycle in a typical household washing machine using commercially avail-
able liquid detergent along with additional ‘filler’ garments in the same load. As
can be seen in Fig. 9.8 (ii and iii), the GORE-TEX fabric-based sensor exhibits
similar voltammetric response following repeated washing. A slight shift in the
reduction peak potential is observed subsequent to the first washing routing; how-
ever further washing iterations did not alter the peak potential. It should be
noted that the majority of the GORE-TEX fabric-based sensors did not degrade
to a significant extent following one laundry routine. However, upon submission
to three laundry cycles, half of the original ten GORE-TEX fabric-based sensors
remained functional and maintained their sensing properties. Common causes of
laundry-induced degradation include splitting of the fabric, cracking / breaking of
the carbon layer, and disconnection of the conductor traces.

Detection of explosive vapors is expected to meet the growing demands
for remote security sensing. Vapor-phase electrochemical sensors are expected to
address this challenge by enabling the detection of security hazards in a versa-
tile, inexpensive, and miniaturized platform. In accordance with this overarching
goal, the GORE-TEX fabric-based electrochemical sensor was adapted to meet
the unique demands required for field-based analytical devices intended for secu-
rity monitoring embodiments. In order to prepare the vapor-phase fabric-based
sensor, a polyester film coated with a pressure-sensitive adhesive (ARcare 8259,
Adhesives Research, Inc., Glen Rock, PA) that contained a 7Tmm diameter aperture
was applied on the surface of the GORE-TEX fabric-based sensor to create a cavity
for casting the solid electrolyte. A hydrogel electrolyte was prepared by dissolving
100mg of agarose into a 5mL potassium chloride solution (0.5M). The mixture was
then brought to a boil (around 200° C) and remained at this temperature for 5 -
10min under continuous agitation until the agarose dissolved completely. Subse-
quently, the gel solution was cooled to 65° C and maintained at this temperature
(with agitation applied) for further use. The solid electrolyte of the sensor was

cast by dipping the fabric-based sensor into the agarose solution and promptly
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Figure 9.9: Vapor-phase detection of DNT using the GORE-TEX fabric-based
sensor at various exposure durations: a — i: 0, 4, 8, 12, 16, 20, 24, 28, and 60min;
SWYV parameters as in Fig.9.6. Inset: experimental setup.
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removing the sensor, allowing the agarose to solidify on the electrode surface at
room temperature, thereby leading to the formation of a thick-film hydrogel layer
on the exposed electrode contingent.

Preliminary experiments demonstrated the ability of the GORE-TEX fabric-
based sensor, modified with a hydrogel electrolyte, to detect the presence of DNT
in the vapor phase. 60 mg of DNT powder was placed in a 30 mL sealed glass
vial to emulate a hypothetical situation whereby an explosive agent is concealed
and transported within baggage. Fig. 9.9 illustrates the square wave voltammet-
ric detection of DNT vapor at the GORE-TEX fabric-based sensor at increasing
exposure durations. A characteristic reduction peak is observed (at -0.63V wvs
Ag/AgCl). As expected, the response to the DNT vapor becomes elevated upon
increasing the exposure time from 0 to 60min.

The influence of various textile substrates upon the detection properties
of thick-film electrochemical sensors has been examined in this study. Cotton,
polyester, and GORE-TEX fabrics were compared in order to determine a suitable
textile electrode substrate that would facilitate the direct patterning of an electro-
chemical sensor onto various fabrics using conventional screen printing methods.
The superior water-proof properties of the GORE-TEX fabric were shown to be
particularly attractive for fabricating and operating such printable textile-based
sensors. Through rigorous physical and chemical characterization, the GORE-
TEX fabric was determined to be an excellent substrate material for supporting
screen printed electrodes owing to its inherently high degree of hydrophobicity,
minimal sample absorption, and preservation of electrochemical activity against
various forms of mechanical deterioration and chemical attack. The electrochemi-
cal sensing properties of such GORE-TEX based printed electrodes were examined
and their ability to detect nitroaromatic explosives was demonstrated. Further as-
sessment of the durability and reliability of the GORE-TEX substrate for extended
periods of use will lead to the development of field-deployable security monitoring
systems integrated onto conventional garments. The results indicate the potential
of textile-based screen-printed sensors for future security and military applications.

With further development, the same sensing paradigm can be applied towards the
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detection of other classes of explosives, particularly widely-used homemade explo-
sives. Current efforts are aimed at expanding the textile-based detection towards
additional chemical agents of security relevance. This activity is expected to en-
hance survival rates among soldiers and first responders in hazardous situations.
These future applications would benefit from the integration of the supporting
electronic control, real-time information display, and alert functionality to enable

field-based utility and to realize true ‘lab-on-a-textile’ functionality.

9.2 Electrochemical sensing on marine garments

The ability to continuously detect the presence of environmental contami-
nants and security threats within marine environments represents a major challenge
to oceanographers, navies, local water-quality agencies and recreational surfers /
divers throughout the globe [267, 268]. Conventional water quality analytical tech-
niques mandate that the water sample be isolated and transported to the labora-
tory to undergo analysis, which is a costly, labor-intensive, and time-consuming
proposition [269, 270]. To this end, electrochemical devices have been developed
that enable real-time monitoring of seawater towards potential hazards such as
explosive residues or toxic metals [66, 258, 271, 272, 273, 274, 275]. These devices
include flow detectors for online shipboard monitoring [274, 275] and submersible
sensors for remote detection [258, 271]. New hand-held analyzers have also been
developed for underwater surveillance by divers [66]. The latter, however, is not
compatible with military or recreational activities (e.g., surfing, diving) that com-
monly require ‘hands-free’ operation. A fully-integrated wearable sensor system
that facilitates such marine operations while providing the user with a real-time
assessment of their surroundings would thus be preferred.

In this investigation, wearable electrochemical sensors on underwater gar-
ments comprised of the synthetic rubber Neoprene®) are described. Neoprene,
which is synthesized from chloroprene [276], is a widely-employed synthetic rub-
ber for dry- and wetsuits. While dense neoprene seals the openings of diving suits,

foamed neoprene serves as an exceptional thermal insulator that encapsulates most
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of the wearer’s body. Its basic polymer, polychloroprene, is produced via emulsion
polymerization before it is transferred into a foam-like material that consists of
air bubbles and polymer arranged in a comb-like network [277]. Neoprene can
be tailored to the desired application, ranging from nylon overlays intended to
increase wearer comfort, to varying degrees of thickness to compensate for pres-
sure and temperature variance at greater diving depths and / or cooler waters
[278]. This, along with the elastic and superhydrophobic morphology of neoprene,
makes underwater garments highly compatible with the thick-film (screen printing)
fabrication process and for sensing operation in marine environments. Thick-film
microfabrication has enjoyed widespread use for the mass production of highly re-
producible electrochemical sensors (e.g., glucose strips for diabetics) [68, 10]. This
process has recently been applied for printing electrochemical sensors on common
textiles [247, 279], but not in connection to underwater garments. The integration
of sensors directly onto underwater garments, such as those described in this study,
would provide the wearer with the ability to continuously assess their surroundings.

The potential of neoprene-based printed electrochemical electrodes as wear-
able sensors has been demonstrated in this study for a wide range of marine moni-
toring scenarios. These results substantiate the potential of such devices to enable
the wearer (surfer / diver) to continuously assess their surroundings for potential
contaminants or hazards without being preoccupied with the transport and opera-
tion of cumbersome analytical equipment. Following characterization of noeprene’s
surface morphology, the role of mechanical stress on the redox activity towards
ferricyanide at printed electrodes on the neoprene substrate is examined. Further-
more, the analytical performance of the new neoprene-based electrochemical sensor
is evaluated for trace voltammetric measurements of heavy metals such as copper
and nitroaromatic explosives such as TNT in untreated seawater. In addition,
the enzyme tyrosinase (Tyr, E.C. 1.14.18.1) is incorporated within the sensor ink
in order to facilitate the detection of phenolic pollutants in seawater. This rep-
resents the first example of electrochemical biosensing on textiles with printable
enzyme-containing inks. Subsequently, the new wearable biosensor is integrated

with an encapsulated potentiostat capable of providing the wearer with a visual
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Figure 9.10: (A) Screen printed electrode (SPE) on an underwater garment.
The three-electrode configuration comprises an Ag/AgCl reference electrode as
well as carbon working and counter electrodes printed directly onto neoprene.
Center: Two SPE design varieties on neoprene - (B) three-electrode configuration
equivalent to (A) comprising an additional insulator layer (blue); (C) an array of
four silver electrodes (the feature width of each contact line is ~195 pm, the pitch
between adjacent electrodes is ~280 pm, and the diameter of the active area of
each electrode is ~440 pm). (D) Scanning electrode micrograph illustrating the
working electrode area on the neoprene substrate (42x, 5 kV).

indication when the level of a target hazard or contaminant (e.g., phenols) has ex-
ceeded a pre-defined threshold. Under such operation, the wearer would be alerted
to relocate to cleaner environments, inline with water quality and related health
standards for recreational divers and surfers. The concept can be extended to
other threat-assessment and environmental-monitoring applications of importance
In marine environments.

The fabrication protocol required to produce thick-film electrochemical sen-
sors has been described in previous studies. This procedure was adapted to the
patterning of 4 mm-thick neoprene sheets. The design and fabrication of the mi-
croelectronic sensor has been described in the previous chapter, and the device was
encapsulated in a watertight compartment and integrated into a wetsuit for water
quality evaluation. The output potential of the potentiostat was established at -
0.30 V (vs REF) and the device was operated in free-running chronoamperometric
mode.

The utilization of a neoprene substrate enables the high-resolution print-

ing of electrochemical sensors, characterized by well-defined borders, uniform ink
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distribution, and no apparent defects. Diverse electrode configurations have been
examined on various segments of commercially available wetsuits. For example,
Fig. 9.10A displays a common three-electrode setup that was printed on the sleeve
of such a wetsuit. This configuration, which compromises carbon working and
counter electrodes, along with an Ag/AgCl reference, is used throughout most of
this study. A more detailed optical image of this printed electrode assembly, along
with an insulating layer, is depicted in Fig. 9.10B.

As a detailed understanding of the physical properties of the substrate ma-
terial is crucial for the construction of high-fidelity wearable sensors, initial in-
vestigations were concerned with the characterization of the surface morphology,
patterning resolution, and quality of the printed electrodes. To this end, Fig. 9.10C
is representative of a well-defined array of four electrodes printed with Ag/AgCl
ink; the feature width of each contact line is ~195 pm, the pitch between adjacent
electrodes is ~280 pm, and the diameter of the active area of each electrode is
~440 pm. Further insights into the surface morphology of the working electrode
of the SPE contingent on neoprene are obtained from the scanning electron micro-
graph (42x, 5 kV) shown in Fig. 9.10D. The rubber area surrounding the working
electrode consists of comb-like polymeric subunits, which are characteristic of the
neoprene substrate. The bare working electrode on neoprene exhibits an amor-
phous surface structure, defined by the micrometer-sized carbon flakes comprising
the printed ink, along with defined boundaries. A similar morphology was observed
for the carbon electrode printed on a rigid alumina-based SPE.

In order to confirm that the hydrophobic nature of the neoprene substrate
was unaltered as a result of the screen printing process, contact angle measurements
were performed (using seawater) on the bare neoprene substrate as well as on the
printed carbon working electrode. The contact angles for the bare neoprene and
for the carbon on neoprene were 138 + 5° and 120 + 5°, respectively, indicating
that the carbon coating exhibits slightly better wettability when compared with the
bare neoprene substrate. Moreover, the hydrophobic characteristic of the neoprene
is maintained such that the electrode area can be maintained at a constant value.

Following the morphology investigation, the electrochemical behavior of the
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Figure 9.11: Cyclic voltammograms for 5 mM ferricyanide at SPEs on flexible
neoprene (A) and rigid alumina (B) substrates. (C) Voltammograms illustrating
the effect of ten bending iterations. (D) Relative currents obtained for the redox
peaks of 5 mM ferricyanide extracted from the repetitive bending data presented
in (C). Scan rate: 50 mV s~
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neoprene SPE was investigated employing a potassium ferricyanide redox probe.
Fig. 9.11 displays representative cyclic voltammograms (CVs, 50 mV s! scan
rate) for 5 mM ferricyanide as well as the blank solution (seawater) at the flexible
neoprene SPE (A) and at a common rigid alumina-based SPE (B). These voltam-
mograms indicate that the redox activity and the background response are not
compromised by the neoprene substrate. The low background response indicates
that the neoprene constituents do not contribute to the baseline. Both substrates
yield two characteristic ferricyanide redox peaks, with similar peak potentials and
separation. The oxidation peaks are located at 0.32 V and 0.35 V vs Ag/AgCl
while the reduction peaks appear at 0.00 V and -0.02 V vs Ag/AgCl for the neo-
prene and alumina SPEs, respectively. As can be seen, the reversibility of the
redox process is not affected by the neoprene substrate. Even though the geomet-
ric areas were identical for both SPE variants, the neoprene SPE displays higher
anodic and cathodic peak currents, which can be attributed to a slightly larger
active area on the neoprene substrate.

Wearable underwater sensors are expected to be deformed during routine
use. Accordingly, the influence of mechanical deformation upon the voltammetric
response was investigated in further detail. Figs. 9.11C and D illustrate the effect
of repetitive 90° bending operations upon the CV response. Minimal changes in
the peak potentials and currents are observed as a result of the mechanical defor-
mation. The relative standard deviation (RSD) values were found to be less than
4 %, thus it can be concluded that the neoprene SPE is capable of withstanding
repeated deformation without significant alteration of the electrochemical output
signal. This is supported by consecutive resistance measurements that indicate
that the conductivity of the trace did not deteriorate, although micro-fracturing
is observed at the electrodes during prolonged bending. More specifically, while
the resistance at the reference electrode increased by as much as 10 % following
repeated mechanical deformation, the resistance of the counter and working elec-
trode traces did not deviate by a quantity greater than the measurement error. As
a matter of fact, even following multiple bending operations, the trace resistance

measured at the neoprene SPE did not exceed the characteristic resistance of the
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Figure 9.12: Chronoamperograms of the tyrosinase-modified neoprene SPE in
the presence of various phenolic compounds (step potential: -0.3 V vs Ag/AgCl).
Samples were incubated on the electrode surface for 2 min prior to measurement:
(A) phenol, (B) 4-chlorophenol, and (C) catechol. The insets show the correspond-
ing calibration curves. (D) Stability of the signal over time with respect to the
initial measurement at t = 0 min (100 %) for (i) 10 uM 4-chlorophenol and (ii) 2
1M phenol.

traces at the common alumina-based SPE. It can hence be concluded that the
conductivity of the traces was maintained through repeated deformation.

Following the initial electrochemical characterization, the study focused on
the demonstration of the potential of the wearable sensing contingent for relevant
water-quality applications using different model pollutants along with untreated
seawater samples.

Phenols represent a pervasive class of organic compounds that are produced
on an industrial scale and typically enter aquatic environments from the run-off
generated by industrial and agricultural processing [280, 281]. The inherent tox-
icity of phenolic compounds creates urgent needs for their in situ monitoring in

marine environments. The ability to continuously monitor the levels of such com-
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pounds would thus prove extremely valuable as an alert for recreational divers and
surfers.

In order to facilitate the trace detection of phenolic and catecholic con-
taminants, a tyrosinase-containing carbon ink was employed in the screen printing
fabrication process and patterned directly on the wearable neoprene substrate. In
order to quantify phenols and catechols, tyrosinase (Tyr) was mixed into the car-
bon ink (5 % w/w) and the enzyme-containing ink was printed onto the surface of
the working electrodes of cured SPEs. The amount of enzyme in the bioactive layer
was approximately 200 U per electrode. After the printing process, the Tyr-ink
layers were dried at room temperature for one hour. The electrodes were subse-
quently stored at 4° C overnight. Following this procedure, 1 uL of aqueous Nafion
solution (0.25 % v/v) was dispensed on the working enzyme electrode. Finally, the
electrodes were kept overnight at 4° C prior to use.

The electrochemical response to micromolar changes of phenols (phenol, 4-
chlorophenol, and catechol) was investigated using the neoprene-Tyr SPE biosen-
sor. The biosensing route relies on the specificity of the enzyme that catalyzes
the hydroxylation of phenols to enable the low-potential selective detection of the
quinone products. In contrast, direct anodic measurements of phenols require
high potentials and are vulnerable to interference caused by co-existing oxidizable
species. Chronoamperometric measurements of the quinone product were executed
by applying a reduction potential of -0.30 V vs Ag/AgCl. The corresponding
chronoamperograms for increasing levels of phenol (0 to 5.5 uM in 0.5 M incre-
ments), 4-chlorophenol (0 to 25 uM in 2.5 uM increments), and catechol (0 to 5
uM in 0.5 pM increments) are shown in Figs. 9.12A - C, respectively. Well-defined
current signals are observed for these low micromolar concentrations; the limit of
detection (LOD, using the p + 30 methodology) for phenol, 4-chlorophenol, and
catechol are 0.25 uM, 0.43 uM, and 0.13 M, respectively. The corresponding cali-
bration plots are provided in the insets. As expected for biocatalytic reactions, the
response for 4-chlorophenol and catechol increases linearly with concentration at
first and then exhibits some curvature at elevated levels. A highly linear response

is observed for phenol (A). The sensitivities are 28 nA pM~!, 10 nA pM~!, and 35
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Figure 9.13: Sealed, battery-operated electrochemical microsensor with an in-
tegrated potentiostat interfaced with a screen-printed three-electrode setup on a
neoprene substrate. Safe environmental conditions are indicated in (A), whereas
the additional illumination of a red LED (B) is indicative of a phenol content
in seawater that exceeds a certain level (5.5 uM). Eqpp = -0.3 V vs Ag/AgCl,
Ernresnoia = 0.566 V. Insets show the outputs of the micropotentiostat block, illus-
trating the increased current magnitude caused by elevated phenol concentrations;
a dashed line represents the threshold.

nA M~ for phenol, 4-chlorophenol and catechol, respectively (R?-values of 0.996,
0.996, and 0.997). The higher sensitivity towards catechol can be attributed to the
single reaction step required for the enzymatic catalysis of catechol compared to
the two-step reaction required for phenol and 4-chlorophenol. High stability is an-
other important requirement for underwater marine monitoring. The response of
the sensor was examined over a period of 50 minutes by performing 17 repetitive
chronoamperograms (at three minute intervals). Fig. 9.12D examines the stability
of the Tyr-SPE signal, relative to the first measurement (¢ = 0 min), for 10 mM
4-chlorophenol (i) and 2 mM phenol (ii). These experiments yielded a low RSD
for each compound, ranging from 2.07 % to 1.73 %, respectively. Minor batch-to-
batch variations (5 - 10 %) could be readily mitigated via initial calibration in the
seawater matrix.

In order to provide a viable alternative to current sensing systems, an SPE
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sensor was printed on the sleeve of a neoprene wetsuit. The working electrode was
modified with Tyr and the entire printed contingent was mated with an encapsu-
lated (watertight) miniaturized potentiostat (described in the preceding chapter)
that is able to provide the wearer with a visual cue whether the level of phenolic
compounds has exceeded a pre-defined threshold value. An image of the entire
sensing system is shown in Fig. 9.13. In response to elevated levels of phenol (5.5
uM), the potentiostat-integrator-voltage amplifier analog system yielded an out-
put potential of 0.797 + 0.012 V, while the absence of phenols (0 pM) yielded a
potential of 0.335 £+ 0.008 V. Accordingly, by means of an adjustable voltage di-
vider, the switching threshold for the comparator was established at 0.566 V, the
arithmetic mean of the two extremes, and purely digital ‘Safe’/‘Hazard’ analysis
could be obtained. A ‘Safe’ (unpolluted) seawater environment is indicated by a
green light, while in the case of hazardous levels of phenols, a red LED is illumi-
nated (Fig. 9.13B). The output of the potentiostat block of the sensor (Fig. 9.13B
inset) illustrates the increase in the current magnitude caused by elevated phenol
concentrations; a dashed line represents the threshold.

As a consequence of war, military training, and the dumping of munitions,
dangerous remains of undetonated ordnance still linger in numerous marine locales
[258, 66]. In minesweeping missions, the detection of these explosive compounds
could indicate the presence of naval mines or depth charges. Bearing in mind the
abundance of dumped munitions and ordnance in the world’s bodies of water, there
is a pressing need to ascertain the presence of these hazards in aquatic environ-
ments. Underwater wearable sensors could monitor the electrochemical response
of explosive agents in a continuous fashion and could alert the wearer to a potential
threat. Accordingly, the neoprene-based electrochemical sensor was examined for
voltammetric detection of the common model nitroaromatic explosive TNT.

Explosive detection experiments were performed by applying rapid square
wave voltammetry (SWV). Fig. 9.14A displays representative voltammograms for
an untreated seawater sample containing increasing levels of TNT in 100 ppb in-
crements. The well-defined voltammograms illustrate a reduction peak at -0.54 V

vs Ag/AgCl and a smaller shoulder at -0.74 V vs Ag/AgCl. The peak at -0.54
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Figure 9.14: Square wave voltammograms for TN'T in seawater recorded at the
neoprene SPE. (A) Response for increasing levels of TNT from 100 to 900 ppb.
Potential step, 4mV; Amplitude, 25mV; Frequency, 20Hz. (B) Calibration curve
corresponding to A. (C) Stability of the sensor with 500 ppb TNT over a period
of one hour (n = 30). (D) Stability of the signal over time with respect to the
initial measurement at t = 0 min (100 %). Also shown are the corresponding
voltammograms for the unspiked seawater.
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V vs Ag/AgCl is attributed to the reduction of the nitro groups, while the minor
shoulder at -0.74 V vs Ag/AgCl is due to the reduction of the hydroxylamine prod-
uct [258]. Fig. 9.14B displays the corresponding calibration curve that illustrates
linearity from 100 to 900 ppb of TNT (peak current at -0.54 V vs TNT concentra-
tion; R? = 0.990). The high sensitivity (s, = 6.5 nA ppb~!) and the low LOD of 42
ppb (estimated from the 100 ppb TNT response) substantiate the highly-sensitive
detection capability of the neoprene-based SPE towards trace explosives in marine
environments. No apparent peaks are observed in the corresponding background
voltammograms, reflecting the high selectivity of the sensor.

The stability of the wearable explosive sensor was evaluated by performing
30 repetitive measurements of 500 ppb TNT at 2 min intervals. As indicated in
the resulting voltammograms of Fig. 9.14C, this prolonged one-hour experiment
yielded a highly stable voltammetric response using seawater. Fig. 9.14D illustrates
the stability of the peak current (at -0.55 V vs Ag/AgCl) with respect to the initial
measurement at ¢ = 0 min (100 %). The low RSD of 0.59 % is indicative of a highly
stable response, without apparent surface fouling.

Copper is an important constituent of antifouling paints utilized for mar-
itime applications [80]. The release of copper from such paints greatly contributes
to the contamination of harbors and to marine environments, in general. Hence, a
wearable sensor that can be adapted for underwater trace-metal monitoring would
be attractive for the detection of copper in aquatic environments.

To accomplish this goal, trace copper detection was performed using square
wave stripping voltammetry [282] at the neoprene-based printed carbon sensor.
In order to achieve trace copper detection, the carbon working electrode of the
SPE was modified via the electrodeposition of gold at an applied potential of 0.0
V vs Ag/AgCl for 20 min. The plating solution employed for these experiments
consisted of a phosphate buffer, pH 7.0, containing 50 ppm gold. Copper deposi-
tion was performed for 2 min at -1.00 V vs Ag/AgCl under quiescent conditions,
followed by a square wave stripping voltammetric scan from -0.25 to 0.50 V wvs
Ag/AgCl, and a 2 min electrochemical ‘cleaning’ at this final potential. This rep-

resents the first example of the use of a wearable sensor for trace metal stripping-
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Figure 9.15: Square wave stripping voltammograms for trace copper in untreated
seawater at the Au-modified neoprene SPE. (A) Response to increasing copper
concentrations in 10 ppb increments. Deposition for 2 min at -1.00 V vs Ag/AgCl
under quiescent conditions followed by a square wave voltammetric scan from -0.25
to 0.50 V vs Ag/AgCl. Potential step, 4mV; Amplitude, 25mV; Frequency, 20Hz.
(B) Calibration curve corresponding to the integrated stripping peak area versus
the copper concentration (average of three repetitive measurements). (C) Stability
of the system with 100 ppb copper over a 50 minute period. (D) Stability of the

signal over time with respect to the initial measurement at t = 0 min (100 %).
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voltammetric measurements. A calibration curve was obtained through successive
additions of copper into a cell containing untreated seawater. The copper was de-
posited on the electrode for 2 min at -1.00 V vs Ag/AgCl and was stripped from the
electrode by scanning the potential to 0.50 V vs Ag/AgCl. Fig. 9.15A displays the
voltammograms obtained at the Au-modified neoprene SPE for a seawater sample
containing increasing concentrations of copper, while Fig. 9.15B depicts the re-
sulting calibration curve for the integrated peak area versus copper concentration.
Both experiments yielded well-defined copper peaks, with no overlapping signals.
A linear range from 10 to 90 ppb levels of copper is observed (R? = 0.988), along
with a sensitivity of 406 nC ppb~! and an LOD of 13 ppb. The stripping copper
response at the Au-modified neoprene SPE is also highly reproducible. Figs. 9.15C
and D display a series of ten successive measurements of 100 ppb copper in un-
treated seawater over a 50 minute period. A highly reproducible copper peak is
observed throughout this operation (RSD = 1.76 %).

As a final investigation, the complex-valued impedance profile (Nyquist
plot) of the textile-based electrode was investigated in further detail. When com-
pared with conventional SPEs on alumina, the electrode contingent on neoprene
exhibited somewhat reduced charge transfer resistance, hence indicating more fa-
vorable reaction kinetics at the electrode interface within the frequency range evalu-
ated (10 Hz - 10 kHz), Fig. 9.16. The imaginary component of the impedance spec-
trum, which is associated with the double layer capacitance originating from the
electrode surface roughness, is substantially reduced with respect to the neoprene-
based electrode. Consequently, this enables the neoprene sensor to function at
elevated AC voltammetric modulation frequencies owing to the more rapid de-
crease in the non-Faradaic current due to the reduced capacitive loading .

Fig. 9.17 further reinforces the observations noted above. As can be in-
ferred from the amplitude and phase responses provided in the Bode plots, the
neoprene-based electrode contingent embodied a slightly reduced loss profile as
well as slightly less phase change across the spectral range under examination
when compared with its counterpart on solid alumina.

The development, evaluation, and demonstration of screen printed electro-
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Figure 9.16: Spectral comparison of the complex-valued impedance profile for
screen printed electrodes on solid (Al,O3) and flexible (neoprene) substrates.
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Fig. 9.16.
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chemical sensors on underwater garments has been discussed. These sensors are
able to quantify trace levels of marine pollutants and explosive threats in seawater
with high fidelity and repeatability. Wearable electrodes intended for in situ water
analysis should alleviate the cumbersome process of sample preparation and anal-
ysis, hence allowing the wearer to monitor his / her surroundings for contaminants
or hazards while performing other tasks. By printing the sensors on neoprene
substrates commonly used in underwater garments, the real-time voltammetric
detection of trace levels of Cu and TNT is attained. Moreover, the inclusion of
an enzyme within the printed ink enables the biosensing of micromolar levels of
phenolic contaminants. The neoprene-based printed electrodes can tolerate severe
mechanical deformation that may be encountered during routine underwater ac-
tivity. Whenever needed, an initial calibration in the seawater sample may be
employed in order to address the potential matrix effects (such as changes in the
temperature or oxygen level). The integration of printable sensors on underwater
garments such as dry and wetsuits holds considerable promise for numerous ma-
rine sensing applications where real-time analysis and sensor miniaturization are
core requirements. Using a similar design methodology, the concept can be fur-
ther extended to other relevant threat assessment and environmental monitoring

applications in marine environments.

Portions of Chapter 9, section 1 were taken from M.C. Chuang, J.R. Wind-
miller, P. Santhosh, G.V. Ramirez, M. Galik, T.Y. Chou, and J. Wang. Textile-
based electrochemical sensing: Effect of fabric substrate and detection of nitroaro-
matic explosives. Electroanalysis, 22(21):2511-2518, 2010. The dissertation author
was a co-author of the manuscript and had substantial original contributions to
this work.

Portions of Chapter 9, section 2 were taken from K. Malzahn, J.R. Wind-
miller, G.V. Ramirez, M.J. Schoning, and J. Wang. Wearable electrochemical
sensors for in situ analysis in marine environments. Analyst, 136(14):2912-2917,
2011. The dissertation author was a co-author of the manuscript and had substan-

tial original contributions to this work.



Chapter 10

Microneedle-based transducers

We must become the change
we want to see.

—Mohandas Gandhi

The ability to continuously extract useful physiological information from
transdermal fluids in a minimally invasive fashion has remained a pivotal goal
within the biomedical devices community [283]. Such capability would prove valu-
able for a number of utilitarian physiological monitoring applications in the fitness
[283], healthcare [284], and combat [285] domains. Electrochemical sensors have
played a dominant role in the field of minimally invasive biosensors, with exten-
sive development activity driven primarily by the challenge of continuous glucose
monitoring [10, 286, 287, 288|.

In an effort to achieve clinical translation of microdevices for the on-body
monitoring of relevant bioanalytes, significant research activity has been devoted
to the development of minimally invasive electrochemical biosensors [284, 10]. Mi-
croneedle arrays have been identified as a viable route to minimally invasive thera-
peutic delivery of vaccines [289], insulin [290], hormones [291], and other pharma-
cological agents [292, 293]. Accordingly, research pertaining to these devices has
primarily focused on microneedle-mediated drug delivery rather than on employ-
ing microneedles for analytical sensing operations. In this regard, a few studies

have applied hollow microneedles for transdermal glucose sensing merits [294, 295],
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Figure 10.1: (A) Computer-generated image of a 16-element individually-
addressable microneedle array electrode contingent. (B) CAD file detailing a stan-
dard 9-element hollow microneedle array used throughout the investigations. (C)
Size comparison of solid and hollow microneedle arrays. (D) Size comparison of
microneedle arrays and the micro-/bioelectronic backbone employed for the control
and readout of the sensor array.

although these systems involve the integration of fluidic microchannels and the
concomitant uptake of biological fluids, which complicate the process of on-body
sensing.

The realization of minimally invasive transdermal sensing of biochemical
analytes without the uptake of biological fluids demands that the execution of
the sensing procedure be performed at the microneedletransdermal fluid inter-
face. This, in turn, implies that the electrode transducer is directly employed at
this interface. A key challenge materializes when this approach is taken: com-
mon solid electrode materials lack the plasticity required to conform with the

micrometer-scale geometry and non-planar features that are the hallmark of mi-
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croneedle array devices. Moreover, the electrode material must be amenable to
the co-immobilization of enzymes, catalysts, mediators, and stabilizers. Such co-
immobilization imparts selective recognition and transduction, in conjunction with

the high stability essential for practical minimally invasive detection.

10.1 Microneedle array-based carbon paste am-

perometric biosensors

A carbon paste-loaded microneedle array has been designed, fabricated,
and evaluated for minimally invasive biosensing applications. Of the plethora of
electrode materials available, carbon paste is characterized by a high degree of plas-
ticity that is essential for optimal loading of the transducer into the micron-scale
geometries embodied by microneedle devices. Carbon paste electrodes (CPEs)
have been widely employed in electroanalysis [296]. Such electrodes combine the
advantages of low background current, low cost, as well as a straightforward means
to regenerate the surface and impart selective catalytic abilities (via the inclu-
sion of modifiers within the paste) [297]. The integration of a modified CPE
within microneedle arrays has thus been demonstrated. The microneedle arrays
utilized in the study consist of 9-element arrays of pyramidal-shaped hollow mi-
croneedles, which possess a 425 pum diameter aperture through which the mod-
ified carbon paste is extruded. In particular, a rhodium-dispersed carbon paste,
known for its high affinity towards the low potential detection of hydrogen peroxide
297, 298, 299, 300], was packed within the microneedles to minimize the contribu-
tion of co-existing electroactive interferents. The resulting microneedle array CPE
sensor design obviates the need for integrated microchannels and the extraction of
the interstitial fluid. Enzyme-dispersed metallized carbon paste-loaded micronee-
dle arrays are also shown to be useful for the selective detection of lactate at an
extremely low potential of -0.15 V wvs Ag/AgCl. This results in negligible con-
tributions imparted by common physiological interferents (e.g., ascorbic acid, uric
acid, and acetaminophen) upon the lactate response and simplifies the preparation

of the sensor by precluding the need for an additional permselective layer. The
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microneedle carbon paste sensor system thus represents an attractive platform to
realize the continuous on-body monitoring of a multitude of relevant bioanalytes
in a minimally invasive manner.

The microneedle designs were originally prepared using Solidworks (Dassu-
alt Systemes S. A., Velizy, France). Substrate support structures were subsequently
created with Magics RP 13 (Materialise NV, Leuven, Belgium). The microneedles
were pyramidal in shape with a triangular base. The dimensions of each hollow
microneedle were as follows: an edge length of 1174 £+ 13 pm, a height of 1366
+ 15 pum, and a vertical cylindrical bore of 342 + 5 pum diameter on one of the
faces of the pyramid structure. The microneedles were arranged into 3 X 3 square
arrays with 2 mm periodicity. Substrates for the microneedle arrays were 10 mm
x 10 mm in extent and possessed a thickness of 2 mm. The three-dimensional
computer models were transferred to a Perfactory SXGA Standard UV rapid pro-
totyping system (EnvisionTEC GmbH, Gladbeck, Germany) for fabrication. This
system uses computer models to precisely raster light from a 150 W halogen bulb
over a photocurable material, resulting in the selective polymerization of the ex-
posed material. Eshell 200 acrylate-based polymer (EnvisionTEC) was utilized as
the constituent material to fabricate the microneedle arrays since the resin selec-
tively polymerizes under visible light and exhibits a Youngs modulus of elasticity
of 3050 £+ 90 MPa [301]. Moreover, the polymer features Class-IIa biocompatibil-
ity per ISO 10993. A 550 mW output power beam (step size = 50 pum) with a
zero-degree tilt was employed for the polymerization of the resin. Following the
fabrication routine, the arrays were rinsed with isopropanol to remove the unpoly-
merized material. The arrays were later placed in an Otoflash post curing system
(Envision TEC); post-build curing was performed for 50 s.

100 mg of rhodium on carbon (Rh/C, 5 wt %) and 10 mg of lactate oxidase
(LOx, E.C. 1.1.3.2) were thoroughly homogenized via 10 alternating 5 min cycles of
vortexing and ultrasonication. The mixture was then vortexed for an additional 1
hr. Following the homogenization process, 125 mg of the mineral oil pasting liquid
and 15 mg of the poly(ethylenimine) (PEI) enzyme stabilizer were added to the

solid mixture. Homogenization of the resulting paste mixture was accomplished
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Figure 10.2: Optical micrographs of the unloaded (A) and Rh-carbon paste-
extruded (B) microneedle array.

by grinding the mixture with a mortar and pestle for an additional 1 hr. The
metallized carbon paste was subsequently extruded through the microneedle array
with the aid of a plunger until the paste began to expel through the microneedle
apertures. Excess paste was removed from each aperture; the surface was later
smoothed using wax paper.

Initial studies were aimed at characterizing the morphology of the car-
bon paste-loaded microneedle array and initiated with a close examination of the
microelectrode surface. An optical micrograph of the microneedle array is pro-
vided in Fig. 10.2A. This image displays uniform pyramidal microneedle structures
(with triangular bases) possessing a height of approximately 1500 pum as well as
cylindrical vacancies (425 pm diameter). Fig. 10.2B depicts a microneedle array
that has been packed with carbon paste and subsequently polished. The figure
indicates that the surface has been smoothly polished to obtain a highly uni-
form exposed area, thereby facilitating reliable electrochemical sensing. Excellent
microelectrode-to-microelectrode uniformity is also observed, although the surface
smoothing and paste removal protocols differ somewhat from those of conventional
CPEs. This is attributed to the fact that the electrode apertures are located on

the side of the pyramidal microstructure, thereby presenting additional challenges
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Figure 10.3: Scanning electron micrographs of the unloaded (A) and Rh-carbon
paste-extruded (B) microneedle constituent of the array.

under polishing routines.

Pursuant to the characterization of the surface morphology, a closer inspec-
tion of the microneedle was performed using scanning electron microscopy (SEM).
Fig. 10.3A depicts an electron micrograph of a single microneedle. The structure of
the microneedle can clearly be observed, namely, the bored cylindrical vacancy and
the ribbed structure created by the rastering of the light source over the polymer
resin. Fig. 10.3B illustrates the surface details of a single microneedle loaded with
carbon paste. A relatively smooth carbon paste morphology and a well-defined
boundary between the carbon paste transducer and aperture are observed, which
is attributed to the effective extrusion of the paste through the cylindrical aperture
and subsequently polishing the surface. It should be noted that the microneedle
and the opening appear to be elongated due to the oblique angle at which the SEM
image was acquired.

Following the morphology investigation, the initial electrochemical experi-
ments were performed to characterize the response of the carbon paste microneedle
array towards hydrogen peroxide (HyO5). A hydrodynamic voltammogram (HDV)
was recorded over the -0.20 to +0.60 V range in order to deduce a suitable operating
potential and to demonstrate the strong catalytic ability of the Rh-carbon paste
microneedle array towards the redox processes of HoO,. The results, illustrated

in Fig. 10.4A, elucidate that the Rh-carbon paste microneedle array offers highly-
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Figure 10.4: (A) Hydrodynamic voltammogram of 0.1 M potassium phosphate
buffer (a) and 10 mM HyO, (b) at the rhodium-dispersed carbon paste microneedle
electrode. (B) Chronoamperograms obtained using the rhodium-dispersed carbon
paste microneedle electrode (0 — 500 M HyOq in 50 M increments; a — k; Expp
=-0.15V vs Ag/AgCl). The calibration curve (n = 3) is provided in the inset.

catalytic detection of HyO5 over the entire range evaluated, with a crossover point
occurring around 0.22 V (vs Ag/AgCl). The substantially reduced overpotential
required to either reduce or oxidize HoO, enabled the selection of a low operating
(reduction) potential of -0.15 V vs Ag/AgCl for subsequent sensor investigations.
At this potential, a reduction current of 5.95 pA could be achieved for 10 mM
H505; the contributions imparted by common electroactive interferences at this
potential are negligible (see data and discussion below).

The microneedle CPE exhibits a wide dynamic range for HyOy quantifica-
tion. Fig. 10.4B displays chronoamperograms for increasing levels of HyO4 to 500
uM (in 50 pM increments). Well-defined reduction currents, proportional to the
H505 concentration, are observed. The resulting calibration curve, based on sam-
pling the current at 15 s following the application of the potential step, displays
high linearity (R? = 0.999; see inset). Interpolating from the experimental data, a
limit of detection (LOD) of 20 uM (S/N = 3) could be achieved with the device,
which is in agreement with the low-uM LOD values reported in the literature for
bulk metallized carbon paste electrodes [298, 302, 303, 304]. The ability to detect

H>0O5 at low potentials is an appealing feature of the Rh-carbon paste microneedle
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Figure 10.5: (A) Chronoamperograms obtained for lactate concentrations from
0 to 8 mM in 1 mM increments (Eapp = -0.15 V vs Ag/AgCl). (B) Calibration
curve corresponding to the chronoamperometric current at t = 15 s.

array when positioned for use in minimally invasive oxidase-based biosensors.

Following the optimization of the HyO5 detection, a microneedle array CPE
biosensor for lactate was developed. Accordingly, lactate oxidase (LOx, E.C.
1.1.3.2)-dispersed metallized carbon paste was prepared employing PEI for the
electrostatic entrapment of the enzyme within the matrix. Chronoamperometric
calibration experiments were executed using the LOx-Rh-carbon paste micronee-
dle array at -0.15 V vs Ag/AgCl for increasing levels of lactate (0 to 8 mM in
1 mM increments). Typical chronoamperograms are displayed in Fig. 10.5A; the
corresponding calibration curve (for current sampling at t = 15 s) is shown in
Fig. 10.5B. High linearity (R* = 0.990) and low deviation (¢ < 10 nA) are ob-
served. Although the estimated detection limit of 0.42 mM lactate (S/N = 3) is
somewhat higher than the values reported in the literature for Rh-CPE biosensors,
[299, 304, 305] it is still well below normal physiological levels and is therefore more
than sufficient for relevant biomedical applications. It should be noted that the
linear concentration range encompasses the entire physiological and pathological
range of lactate in transdermal fluids [104, 105], indicating the potential diagnostic
value of the microneedle-based lactate biosensor.

In order to ascertain the ability of the lactate biosensor to function as in-

tended in the presence of common electroactive substances found in transdermal
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Figure 10.6: Chronoamperograms illustrating the effect of physiologically rele-
vant electroactive interferents upon the detection of lactate (Eapp = -0.15 V vs

Ag/AgCl).
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Figure 10.7: Stability of the electrochemical response of the microneedle array
for 2 mM lactate (Eqpp = -0.15 V vs Ag/AgCl) over a 2 hour duration.

fluids, an interference investigation was conducted using physiological levels of
these compounds. Fig. 10.6 illustrates the results of the chronoamperometric ex-
periments involving a potential step to -0.15 V vs Ag/AgCl and measurements
of 1 mM lactate in the presence of 60 uM ascorbic acid (AA), 500 puM uric acid
(UA), and 200 uM acetaminophen (AC). As evident, the addition of any of these
common electroactive interferents resulted in a negligible effect on the lactate re-
sponse. A maximum current deviation of only 1.5 % from the 1 mM lactate level
was observed for the addition of AC. Such interference-free lactate detection re-
flects the strong, yet preferential electrocatalytic activity of the Rh-carbon paste
microneedle array towards HyOy [298, 299] and further supports the potential of
the microneedle paste biosensor for lactate monitoring in transdermal fluids.

The stability of the microneedle array-based biosensor was examined from

repetitive chronoamperograms for 2 mM lactate over a 2 hour period. The current
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was sampled every 10 min over the entire 2 hour stability test period. Fig. 10.7
illustrates the time-course profile of the resulting current response (with the initial
reading at ¢ = 0 min normalized to 100 %). A stable current was achieved almost
immediately following the initialization of the experiment, with only a slight in-
crease (9.7 %) over the entire 2 hour time-course. The stable response reflects the
integrity of the carbon paste microneedle array biosensor. Effective extrusion of the
carbon paste, which prevents the potential accumulation of the enzymatic product
within vacancies between the microneedle aperture and carbon paste transducer,
is essential for the stable response.

Granted that the work represents one of the first instances of electrochem-
ical sensing at microneedle-based devices, a detailed description of the ampero-
metric profile of microneedle arrays is warranted. Consequently, a computational
model was developed for the electrochemical detection of any arbitrary electroac-
tive species at the microneedle array. Harnessing this model, the current response
arising at a microneedle array of given geometry may be calculated a priori in sys-
tems that obey classical Fickian diffusion. Lactate was established as the model
analyte in order to provide for the experimental verification of the model and
correlate the numerical results with the empirical data.

Beginning with the relation presented in Eq. (2.59), a damping factor
¢ may be included to account for the reaction kinetics (which are taken to be
less facile than charge-transfer dynamics) and an empirically-defined background
current B(t) may be appended to the relation arising from the charging of the
double layer,

z; F

rT 8

e

where ¢ represents the number of electrodes (microneedles) in the array

B(t) (10.1)

and A represents the surface area of one electrode constituent. A summary of the
values employed in the model is given in Tab. 10.1:

where C?’O is scanned from 0 to 10 mM (accounting for the physiological
range of lactate), ¢ is scanned from 0 to 60 s, and B(t) is found experimentally

from a background current measurement. The results of the simulation, in the



237

Table 10.1: List of values employed for Fickian diffusional model.

Parameter || Value Units

Z; 1 -

& 0.25 -

g 9 -

F 96485 Coul/mol
A 1.59E-7 | m?

D; 8.88E-10 | m?/s

R 8.314472 | J/mol/K
T 295 K

A ¢ 0.40 \Y

n 3 -

form of a contour plot, are provided in Fig. 10.8.

Fig. 10.9 presents an overlay of the simulated results with the empirical
data obtained earlier for lactate. As is evident, excellent agreement is observed
between the simulated and experimental results, with a residual sum of squares
RSS < 0.32 fA. Accordingly, the validated model, owing to its analytical fidelity
and versatility, should be able to predict the electrochemical response of a given
microneedle array electrode towards a bioanalyte or electroactive species of interest
a priori.

The unison of CPE transducers with microneedle hosts addresses the chal-
lenges associated with the integration of solid electrodes with the non-planar fea-
tures of microneedle arrays. Furthermore, it obviates the need for integrated mi-
crochannels as well as the extraction of the interstitial fluid and, therefore, the
implementation of microfluidic and / or microelectromechanical systems is not
necessary. Although the low-potential detection of lactate (HoO2) was illustrated
using this microneedle system, highly linear detection of other pertinent bioana-
lytes over the entire physiological range is possible through the use of the appro-
priate biorecognition element, along with the high selectivity imparted by the very
low cathodic detection potential. The high selectivity, sensitivity, and stability of
the carbon paste microneedle array holds substantial promise for diverse on-body
sensing applications. In light of these merits, the successful realization of a patch-

type microneedle-based on-body sensor paradigm would require proper attention
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Figure 10.8: Contour plot of the simulated amperometric profile produced by
a lactate oxidase-functionalized 9-element microneedle array in the presence of
various levels of lactate within the pathophysiological range.
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Figure 10.9: Lactate calibration correlating simulated results using a Cottrellian
analytical model with the empirical data.
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to the key challenge of biofouling at the tissue-device interface in connection with

the selection of appropriate surface coatings and permselective membranes.

10.2 Bicomponent microneedle array biosensors

utilizing conducting polymers

As discussed in the previous section, permselective membranes are neces-
sary to impart improved rejection of co-circulating electroactive interferents and
mitigate the natural process of biofouling via the accumulation of proteins on the
electrode surface of the microneedle. To accomplish this objective, a microneedle
array device employing a recess-based microcavity structure, which is intended
to confine the recognition enzyme and protect it upon penetration of the epi-
dermal layer, has been developed and evaluated. The bicomponent microneedle
biosensor consists of an array of platinum-coated solid microneedles, which serve
as the working electrode, and a hollow microneedle cover, which provides a mi-
crocavity that surrounds each solid microneedle, as diagrammatically represented
in Fig. 10.10. The recess-based microneedle architecture enables the facile elec-
tropolymeric entrapment of a biocatalyst / enzyme within the individual apertures
of the microneedle array. As a result, direct transdermal biosensing is accomplished
without requiring the uptake of the transdermal fluid, thereby simplifying device
construction. The bicomponent recess geometry of the microneedle biosensor also
provides greater surface area for enzyme immobilization when compared with mi-
croneedles containing embedded planar electrodes [294, 306].

Electropolymerized poly(o-phenylenediamine) (PPD) thin films have been
widely employed for the confinement of enzymes into miniaturized electrode trans-
ducers while imparting remarkable permselective properties and a stable response.
In particular, PPD has been used for the entrapment of different oxidase enzymes
such as glucose oxidase (GOx, E.C. 1.1.3.4) [307, 308, 309, 310], lactate oxidase
(LOx, E.C. 1.1.3.2) [311, 312, 313], and glutamate oxidase (GluOx, E.C. 1.4.3.11)
(314, 315, 316], along with permselective detection of the liberated hydrogen per-

oxide product. As a consequence of their remarkable permselective properties,
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Figure 10.10: (A) Solid and hollow microneedle constituents of the bicomponent
microneedle array electrode. (B) Fully-assembled bicomponent microneedle array
electrode. (C) Growth of the glutamate oxidase (GluOx)-functionalized poly(o-
phenylenediamine) (PPD) film at the solid microneedle surface within the recess
from the o-phenylenediamine (o-PD) monomer. (D) Biocatalytic behavior of the
electropolymerized glutamate oxidasepoly(o-phenylenediamine) film (illustrated in
purple), enabling the quantification of glutamate levels within the transdermal
fluid. Glucose oxidase (GOx) is substituted in place of GluOx for the quantification
of glucose.
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PPD films impart high selectivity and stability through the exclusion of co-existing
electroactive interferences and proteins normally present within bodily fluids [317].
Biosensors that employ PPD films have thus been shown to facilitate the amper-
ometric detection of hydrogen peroxide with high substrate selectivity, excellent
sensitivity, operational stability, and rapid response time [310]. In this manner,
biosensors that employ enzyme-functionalized PPD films commonly exhibit con-
siderable advantages when compared with those based on other immobilization
techniques [318].

To illustrate the versatility of the new bicomponent microneedle array plat-
form, a biosensor for the amperometric quantification of physiological levels of
the excitatory neurotransmitter glutamate has been demonstrated; this platform
is subsequently extended to glucose monitoring for the management of diabetes
mellitus. Clinical studies have revealed that blood glutamate levels rise from an
average value of 37.5 uM among healthy patients to 141.3 uM among patients who
have sustained moderate to severe trauma related to intracranial injury [124]. As
such, serum glutamate levels can provide useful insight into the overall condition
of the central nervous system following brain trauma.

Previous biosensors that have been developed for quantifying glutamate lev-
els were characterized by a high degree of invasiveness; these devices have required
the uptake of the cerebral spinal fluid (CSF) via a catheter [319] or a microdialy-
sis probe [320, 321] for further analysis. Typically performed in a hospital setting,
such clinical analysis is a painful, time-consuming, and costly proposition. In addi-
tion, these previously described methods are not amenable to on-body continuous
monitoring, especially when access to the CSF is not feasible. However, as blood
glutamate levels correlate well with the levels found in the CSF [322], its extraction
from this hard-to-access bodily fluid is unnecessary.

A novel means to entrap the enzymes GluOx and GOx within the microcav-
ities of a new microneedle geometry has been developed. The PPD-based confine-
ment of the enzymes within the microneedle cavities enables the efficient quantifi-
cation of glutamate and glucose at pathophysiological levels within buffer solutions

and undiluted human serum. The minimally-invasive nature of the device, com-
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Figure 10.11: Scanning electron micrographs of the solid (A) and hollow (B)
microneedle arrays.

bined with its convenient means to achieve enzyme entrapment and protection,
as well as its attractive electroanalytical performance, demonstrates considerable
potential as a practical patch-type on-body biosensor.

The fabrication of the hollow microneedle arrays has been described in
the previous section. Solid microneedles, which were fabricated using the same
technique, were conical in shape and possessed a base diameter of 390 + 14 pm
and a height of 818 4= 35 um. The solid microneedles were arranged in 3 X 3 square
arrays with 2 mm periodicity on 10 x 10 mm substrates possessing a thickness of 2
mm. A Compex 201 krypton-fluoride (KrF) excimer laser (Coherent, Santa Clara,
CA), which operated with a 10 Hz repetition rate at a wavelength of 248 nm,
was used to ablate a commercially-obtained high-purity Pt target. This process
resulted in the deposition of thin films of Pt (~12 nm) on the surface of the solid
microneedle array [323]. A background pressure of 5 pTorr was maintained during
the 2 min pulsed laser deposition (PLD) routine, which was performed at room

temperature.
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Adhesive non-conducting epoxy was applied to the periphery of the solid mi-
croneedle substrate. A hollow microneedle cover was then placed over the solid mi-
croneedle substrate; this procedure is diagrammatically represented in Figs. 10.10A
and B. The two components were then arranged under an optical microscope to
align the solid microneedles within the hollow microneedle aperture. This formed
the bicomponent microneedle array electrode (BMAE), as shown in Fig. 10.10C.

In order to immobilize the GluOx and GOx enzymes on the electrode surface
and reject potential electroactive interferents, a poly(o-phenylenediamine) (PPD)
film was electropolymerized from a solution of the o-phenylenediamine (o-PD)
monomer Fig. 10.10C. Functionalization of the BMAE with GOx ensued, and a
0.1 M phosphate buffer (pH 7.40) solution containing 10 mM o-PD, 5 mM sodium
sulfate, and 100 kU L' GOx was purged with nitrogen for 20 minutes at room
temperature. The BMAE was subsequently immersed in the solution; a potential
of 0.75 V vs Ag/AgCl was consequently applied for 20 min in order to deposit the
GOx-entrapped PPD film [307], as represented in Fig. 10.10C.

To conserve the costly GluOx enzyme during the electropolymerization pro-
cess, a slight variant of the aforementioned protocol was employed [315]. The
BMAE was immersed in a solution of 0.1 M phosphate buffer (pH 7.40) containing
10 mM o-PD and 5 mM sodium sulfate; a potential of 0.75 V vs Ag/AgCl was
subsequently applied for 5 min. The electrode was later rinsed and desiccated
at room temperature. A 0.5 uL aliquot of 7.5 kU L™! GluOx in 0.1 M phosphate
buffer (pH 7.40) was then dispensed in each microcavity constituent of the BMAE;
this step was repeated for an additional six iterations. Following this process, the
solution was allowed to dry at room temperature. Subsequently, a solution of
0.1 M phosphate buffer (pH 7.40) containing 10 mM o-PD, 5 mM sodium sul-
fate, and 1 U/mL GluOx was dispensed in each microcavity. A potential of 0.75
V vs Ag/AgCl was subsequently applied for 15 min in order to electropolymer-
ize the GluOx-entrapped-PPD film. Whereas the previous protocol was adapted
for simplicity at the expense of increased enzyme utilization, this implementation
facilitates the electropolymerization of more costly enzymes.

Following each electropolymerization routine, the BMAE was rinsed and
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Figure 10.12: Hydrodynamic voltammograms of the glutamate bicomponent mi-
croneedle array electrodes (t = 15 s).

immersed in a 0.1 M phosphate buffer solution (pH 7.40) for 30 min to remove
monomeric residues from the microneedle structure as well as any non-bound en-
zyme. When not in use, the BMAE was stored in phosphate buffer at 4° C. This
protocol, which is diagrammatically represented in Fig. 10.10D, enabled the quan-
tification of glutamate and glucose, as shown.

An investigation of the surface morphology of the BMAE was first per-
formed in order to ascertain the electrode geometry and surface features. A close
examination of the BMAE surface morphology was executed using scanning elec-
tron microscopy (SEM). Figs. 10.11A and B display scanning electron micrographs
of the solid and hollow microneedle arrays, respectively. As can be observed from

the micrographs, the features of the microneedles closely corresponded with those
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specified in the CAD file. With respect to the solid microneedles, a notable ob-
servation is the ribbed structure, which is attributed to the rastering of the light
source that was utilized to polymerize the resin. A uniform pyramidal structure
and a triangular base are observed at each component of the hollow microneedle
array, along with apertures of uniform size distribution. Minimal microneedle-to-
microneedle geometric variation was observed.

The initial electrochemical characterization of the BMAE was aimed at
constructing hydrodynamic voltammograms (HDVs) in order to select the optimal
detection potential of the generated HyOy product. An HDV was obtained using
chronoamperometry at varying potentials between 0.1 and 0.6 V vs Ag/AgCl (in
50 mV increments). These experiments were performed in the buffer solution con-
taining 100 uM of glutamate. The redox currents were sampled at 15 s following
the application of the potential step. An identical procedure was followed utiliz-
ing the GOx-BMAE for the detection of 10 mM glucose. The resulting HDV for
glutamate is shown in Fig. 10.12. As is evident from the figure, the presence of
glutamate caused a concomitant rise in the anodic current, corresponding to the
oxidation of the HyOs enzymatic product. The onset of the peroxide oxidation
occurred at ~0.25 V vs Ag/AgCl. To minimize the potential oxidation of inter-
ferents in real samples, a potential of 0.40 V vs Ag/AgCl was selected for further
electrochemical studies of the BMAE biosensor.

Using chronoamperometric potential steps to the selected potential of 0.40
V vs Ag/AgCl, the sensitivity of the new BMAE biosensor was evaluated in detail.
Fig. 10.13A illustrates the average of chronoamperometric experiments (n = 3) for
increasing levels of glutamate over the entire pathophysiological range (0 140 uM
in 20 uM increments, sampled at ¢ = 15 s) in a buffer matrix. A linear calibration
plot (R? = 0.995) is observed (shown in the inset of Fig. 10.13A) over the entire
range under investigation. The calibration plot is indicative of high sensitivity
(s, = 7.129 nA / uM) and a low deviation (RSD = 3.51%); a limit-of-detection
(LOD) of 3 uM can be extrapolated based on the signal-to-noise characteristics of
the experimental data (S/N = 3). The LOD lies well- below normal physiological

levels, reflecting the ability of the microneedle sensor to detect physiologic levels
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Figure 10.13: (A) Chronoamperograms recorded for increasing concentrations of
glutamate from 0 pM to 140 pM in 20 puM increments in (A) 0.1 M phosphate
buffer (pH 7.40) and (B) human serum. All experiments were performed with
Eapp =0.40 V vs Ag/AgCl and t = 155 (n = 3).

of glutamate.

Following the calibration experiments in the buffer solution, the system
was evaluated towards the quantification of glutamate in undiluted human serum
samples. Fig. 10.13B illustrates the average chronoamperometric calibration ex-
periments (n = 3) in human serum for increasing levels of glutamate over the 0
140 puM range (in 20 M increments). As with the buffer study, a linear calibra-
tion plot is observed (inset of Fig. 10.13B; R* = 0.992) over the entire range. In
addition, the calibration data exhibit high sensitivity (s, = 8.077 nA / uM) and
low deviation (RSD = 6.53%). An LOD of 21 uM can be extrapolated based on
the signal-to-noise characteristics of the data (S/N = 3). As with the buffer exper-
iments, the LOD obtained from the experimental data resides below the limit of
normal physiological levels. The relatively unperturbed electrochemical behavior
of the BMAE in untreated serum samples serves to emphasize the protective abili-
ties of the PPD film against interfering substances naturally residing within serum.
Furthermore, the similar sensitivity obtained for both the buffer- and serum-based
trials again underscores the robustness of the PPD immobilization scheme despite
the prolonged exposure of the biosensor to the protein-rich serum medium.

An additional advantageous feature of the PPD entrapment methodology
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Figure 10.14: Chronoamperograms recorded in 0.1 M phosphate buffer (pH 7.40)
for the blank buffer solution, 100 uM glutamate, and 100 uM glutamate in the
presence of the electroactive physiological interferents ascorbic acid (AA, 60 uM),
uric acid (UA, 500 uM), cysteine (CYS, 200 M), and acetaminophen (ACT, 200
uM). Conditions as in Fig. 10.13.
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resides in its ability to reject coexisting electroactive interferents even at moderate
oxidation potentials [318]. Accordingly, the selectivity of the response was exam-
ined in the presence of physiological levels of ascorbic acid (AA, 60 uM), uric acid
(UA, 500 uM), cysteine (CYS, 200 uM), and acetaminophen (ACT, 200 pM) [104].
Fig. 10.14 illustrates the negligible contribution imparted by the presence of these
electroactive compounds upon the current signal for 100 uM glutamate. Physio-
logical levels of ascorbic acid, uric acid, cysteine, and acetaminophen resulted in
only 0.44%, 0.31%, 1.93%, and 6.37% average deviations from the 100 uM gluta-
mate current response, respectively. Hence, natural metabolic fluctuations in the
levels of these electroactive species are not expected to interfere with the in vivo
quantification of glutamate in applications were the BMAE device is employed as
an on-body biosensor.

The ability to operate over prolonged periods with minimal deterioration in
the current response represents another major requirement of on-body biosensors.
Accordingly, the stability of the BMAE response was examined using a 100 uM
glutamate solution over an eight-hour period. The time-course profile, displayed
in Fig. 10.15, indicates that the biosensor exhibited a highly stable current re-
sponse, retaining 105% of the original signal level after eight hours of continuous
sampling. The measured current never exceeded 110% of the original level over the
entire duration of the investigation. Consequently, the BMAE is expected to per-
form reliably over extended periods associated with body-worn biosensors. With
the glutamate BMAE methodically characterized, the platform was subsequently
migrated to diabetic monitoring merits. GOx was confined within the BMAE
microcavities using a slight variant of the GluOx immobilization protocol.

Fig. 10.16A illustrates a chronoamperometric calibration experiment for
increasing levels of glucose over the entire pathophysiological range (0 - 14 mM
in 1 mM increments) in a buffer matrix. A well-defined response is observed over
the entire range, leading to a linear calibration plot (displayed in the inset of
Fig. 10.16A; R2 = 0.996). In addition, the calibration data exhibit high sensitivity
(s =0.353 A / mM) and low deviation (RSD = 6.44%, n = 3), along with an LOD
of 0.1 mM (S/N = 3). Note that the GOx-functionalized BMAE exhibited a lower
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Figure 10.15: Stability of the glutamate response over extended time periods
with each data item referenced to the original current level at t = 0 (100%). Data
was generated from chronoamperograms recorded in 0.1 M phosphate buffer (pH
7.40) with 140 pM glutamate. Conditions as in Fig. 10.13.
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Figure 10.16: Sensitivity (A) and selectivity (B) of the glucose microneedle
biosensor. (A) Chronoamperograms for increasing concentrations of glucose from
0 mM to 14 mM in 1 mM increments. (B) Chronoamperograms recorded for the
blank buffer solution, 10 mM glucose, and 10 mM glucose in the presence of the
electroactive physiological interferents ascorbic acid (AA, 60 uM), uric acid (UA,
500 uM), cysteine (CYS, 200 pM), and acetaminophen (ACT, 200 uM). Conditions
as in Fig. 10.13.

sensitivity towards its substrate when compared with the GluOx-functionalized
platform. This can be attributed to the dissimilar PPD growth protocol, which
may affect the transport properties of the substrate and product. Accordingly, the
GluOx immobilization protocol should be followed when high sensitivity is desired.

Fig. 10.16B demonstrates the high selectivity of the glucose microneedle
biosensor. It illustrates the contribution imparted by the presence of potential
electroactive interferents upon the current signal generated by the presence of 10
mM glucose. Physiological levels of AA, UA, CYS, and ACT resulted in negligible
deviations of 1.07%, 0.88%, 1.65%, and 2.21%, respectively, from the current re-
sponse for 10 mM glucose. Consequently, as with the interference study conducted
with the glutamate BMAE, natural metabolic fluctuations of these compounds is
not expected to interfere with the monitoring of glucose.

A stability evaluation of the GOx-functionalized BMAE was performed em-
ploying a buffer solution containing 10 mM glucose over an 8-hour period. The
GOx BMAE exhibited a highly stable current response, with 97% of the original

signal level extracted at the conclusion of the measurement period. Throughout
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the time period under investigation, the measured current response never fell below
87% of the original level. The similar results described earlier with the GluOx-
functionalized BMAE indicate that both PPD-based immobilization schemes are
expected to yield a stable response over a prolonged period of continuous use.
The tandem design agglomerates the inherent advantages of solid and hol-
low microneedles in order to form microcavities that facilitate the electropolymeric
entrapment of an enzyme, protects the enzyme layer upon epidermal penetration,
and obviates the need for the extraction of biological fluids. The electrodeposi-
tion of a poly(o-phenylenediamine) thin-film for the entrapment of biorecognition
elements enables the highly sensitive, selective, stable, and rapid electrochemical
detection of a particular bioanalyte of interest. The high-fidelity detection of a
pertinent metabolite in undiluted human serum samples over the entire patho-
physiological range further substantiates the utility of the platform as a practical
on-body biosensor. With further insight into the biofouling effects associated with
prolonged continuous monitoring, a patch-type on-body biosensor paradigm can be
realized that enables the transdermal monitoring of a number of relevant metabo-

lites in a minimally-invasive fashion.

Portions of Chapter 10, section 1 were taken from J.R. Windmiller, N. Zhou,
M.C. Chuang, G.V. Ramirez, P. Santhosh, P.R. Miller, R. Narayan, and J. Wang.
Microneedle array-based carbon paste amperometric sensors and biosensors. Ana-
lyst, 136(9):1846-1851, 2011. The dissertation author was the primary investigator
and author of this manuscript.

Portions of Chapter 10, section 2 were taken from J.R. Windmiller, G.V.
Ramirez, N. Zhou, M. Zhou, P.R. Miller, C. Jin, S.M. Brozik, R. Polsky, E. Katz, R.
Narayan, and J. Wang. Bicomponent microneedle array biosensor for minimally-
invasive glutamate monitoring. FElectroanalysis, 23(10):2302-2309, 2011. The dis-

sertation author was the primary investigator and author of this manuscript.



Chapter 11

Drug delivery actuators

What you do speaks so loudly that
I cannot hear what you say.

—Ralph Waldo Emerson

Although substantial research effort has been invested in the development
and optimization of the enzyme logic sensing modality, it must be realized that
these systems only satisfy one of the core requirements (i.e. sensing) for an inte-
grated feedback loop device. Granted that novel chemical and physical principles
can be leveraged using the electrochemical sensing methodology to achieve partic-
ularly attractive figures of merit (i.e. sensitivity, selectivity, speed, stability, and
cost), the pairing of biosensors discussed in previous chapters with drug delivery
actuators would enable the autonomous treatment of a wide variety of physiolog-
ical ailments. Accordingly, this synergistic combination is imperative to further
development in advanced biosensor and lab-on-a-chip systems. In this manner, an
integrated ‘Sense-Act-Treat’ feedback loop can be realized to continuously monitor
the fluctuations in key biomarkers and, should a pathological state be encountered,
immediately counteract the affliction in an autonomous fashion through the de-
livery of a targeted treatment of multiple therapeutic agents, thereby obviating
the need for human intervention. Advancements in such stimuli-responsive drug
delivery systems would dramatically alter the way in which disease [10] and injury

[145] are currently treated.
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Figure 11.1: (A) Schematic illustration of the microneedle-based multiplexed
drug delivery actuator detailing the (i) hollow microneedle array, (ii) gold-
sputtered polycarbonate membrane functionalized with dodecylbenzenesulfonate-
doped polypyrrole (PC/Au/PPy/DBS), and (iii) polydimethylsiloxane (PDMS)
reservoir. (B) Schematic illustration of the assembled dual-channel drug delivery
system outlining the reservoirs for (iv) drug 1 and (v) drug 2.

Conducting polymers such as polypyrrole (PPy), polyaniline (PANI), and
poly(3,4-ethylenedioxythiophene) (PEDOT) have been identified as extremely at-
tractive synthetic materials for utilization in controlled release systems [324, 325,
326, 327] and drug delivery actuators [328, 329, 330]. The unique properties of
these materials, and PPy in particular, include their reversible mechanical behav-
ior as “artificial muscles” [38, 331, 332], variable porosity, and ability undergo
volumetric modulations in response to applied electrochemical stimuli [333, 334].
The amalgamation of these actuators with a means to deliver targeted medications
in an effective and minimally invasive manner would establish the groundwork for
practical body-worn devices intended for the amelioration of disease or injury in
the acute phase.

Along the lines of the realization of a drug delivery contingent integrated
within the biocomputing-based biosensor architecture discussed in previous chap-
ters, a minimally invasive, electrochemically-switchable nanoactuator microneedle
platform capable of delivering multiple therapeutic agents has been developed, as
diagrammatically presented in Fig. 11.1. Microneedle arrays have enjoyed recent

success in the transdermal biosensing [306, 335, 336] and minimally invasive drug
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Figure 11.2: (A) Scanning electron micrograph detailing the surface morphol-
ogy of the hollow microneedle array. (B) Single needle exhibiting a well-defined
cylindrical Iumen.

delivery [292, 293, 337] domains. Advantageously, these versatile microneedle plat-
forms can be designed and fabricated to the precise specifications demanded by
the application at hand [338, 339] and can assume nearly any geometry to fulfill
these requirements [337, 340]. Most crucially, these devices lend themselves to
body-worn patch-type embodiments that are amenable to extended durations of
pain-free wear.

Whereas prior microneedle delivery devices were limited in their ability to
deliver more than a single therapy [341], the new approach enables the controlled
release of multiple therapeutic agents. The alternating release of model agents
(various dyes) from different microneedles is clearly observed from the same minia-
turized array platform; the switching accuracy and repeatability of the microneedle
volumetric flow rate is also demonstrated. These experimental results are corre-
lated with an analytical model that assesses the fluid flow characteristics through a
single microneedle and subsequently can be used to assist in the design and devel-
opment of future multi-section microneedle arrays for practical body-worn devices
that can multiplex the delivery of various therapeutic agents on demand.

Owing to the scalability of the arrayed microneedle platform, a unique drug

therapy can be released at each microneedle constituent of the array, thereby en-
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abling personalized therapies. In direct contrast to conventional drug delivery
microsystems, this active solid-state device does not require moving components
or integrated microelectromechanical systems [342]. Thus, this simplifies device
design and eliminates the need for sophisticated microfluidic-based components,
which serve to complicate system architecture and increases both size and cost.
Provided further insight into the biofouling effects associated with implantable
devices, this minimally invasive microneedle multiplexed drug delivery paradigm
is well-positioned to serve as the core component in an autonomous wearable
nanopharmacy in connection to the multiplexed microneedle sensor arrays dis-
cussed in the previous chapter.

A nine-element hollow microneedle array platform was leveraged in the de-
velopment of the controlled release actuator. Details regarding the fabrication
of these microneedle arrays have been described in the previous chapter. Poly-
dimethylsiloxane (PDMS) was homogenized in a 10 : 1 polymer : fixing agent
ratio. The suspension was then poured into a custom mold and degassed in a
vacuum desiccator. Subsequently, the PDMS suspension was cured at 110° C for
15 min. The resultant structures were exposed to UVO ozone at a gas flow rate of
3 scem for 5 min.

The technique for the creation of the electrically-actuatable nanoporous
membrane was adapted from the experimental protocol presented in [333]. Briefly,
gold-sputtered PC membranes (PC/Au, pore diameter ~600 nm, porosity ~0.2)
were attached at the periphery to a copper wire using silver conductive epoxy. A
solution of 0.1 M NaDBS was purged with nitrogen for 40 min after which the
pyrrole monomer was added to achieve a final concentration of 0.25 M. Subse-
quently, the PC/Au membrane was immersed in the solution and served as the
working electrode in an electrochemical cell while 0.6 V vs Ag/AgCl was applied
for 10 min. The application of this potential for the given amount of time resulted
in optimal deposition of the polypyrrole/ dodecylbenzenesulfonate (PPy/DBS) on
the PC/Au membrane, thereby minimizing the leaching of the solution through
the membrane under the ‘closed’ state while enabling the solution to flow at appre-

ciable rates under the ‘open’ state. Following electropolymerization of PPy/DBS,
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Figure 11.3: Instigated release of methylene green (MG) from the individually
addressable reservoirs: (A) reservoirs R1 and R2 ‘OFF’, (B) reservoir R1 ‘OFF”,
reservoir R2 ‘ON’, (C) reservoirs R1 and R2 ‘ON’, (D) reservoir R1 ‘ON’, reser-
voir R2 ‘OFF".

the PC/Au/PPy/DBS membranes were rinsed with deionized water and stabilized
by cycling between -1.1 V and 0.5 V vs Ag/AgCl for ten iterations in the buffer
solution. This fabrication process enabled the membrane to swell in the reduced
state (-1.1 V) and contract in the oxidized state (0.5 V) in a reversible manner,
the switching are similar to those established by Jeon et al. [333]. When not in
use, the membranes were stored in a buffer solution at room temperature.

The PC/Au/PPy/DBS membranes were cut into slivers possessing dimen-
sions of approximately 12 mm x 4 mm. These slivers were subsequently affixed
to the reverse side of the 3 x 3 microneedle array using adhesive epoxy such that
one sliver completely covered a column of three microneedles. The center column
of the array was obstructed using modeling clay, enabling the formation of two
individually-addressable electrically-actuatable channels. A component-level view
is illustrated in Fig. 11.1A. Electrical leads were attached using silver epoxy to
each of the two PC/Au/PPy/DBS membranes to facilitate ohmic contact with
each actuator. The PDMS dual-channel reservoir was subsequently aligned over
the membranes and affixed using adhesive epoxy. As shown in Fig. 11.1B, the
reservoirs were finally loaded with ~20 uL of the model chemical agent(s).

Initial experimental efforts were aimed at validating and visualizing the
switching capability of the PC/Au/PPy/DBS membrane and the dual-channel
operation. Both reservoirs in the assembled multiplexed drug delivery actuator,

reservoir 1 (R1) and reservoir 2 (R2), were initially loaded with 12 mM of methy-



258

Figure 11.4: Time-lapse still frame images of the release of methylene green (MG)
from a single microneedle at distinct time intervals of (A) 30 s, (B) 60 s, (C) 90 s,
and (D) 120 s.

lene green (MG) dye and immersed in a buffer solution along with the counter
and reference electrodes. Continuous agitation at a constant speed (140 rpm) was
applied with a magnetic stirring bar. The DBS-doped PPy membrane entered
the reduced state and engorged upon biasing with -1.1 V vs Ag/AgCl, thereby
obstructing the flow of the solution through the porous material. Ejection of MG
at either channel was not observed at this potential (represented as being in the
‘OFF’ state), as shown in Fig. 11.3A. Subsequently, the R2 membrane nanoac-
tuator was maintained at the reduced state (-1.1 V vs Ag/AgCl, ‘OFF’) and the
membrane at R1 was switched to the oxidized state (‘ON’) by applying a potential
of 0.5 V vs Ag/AgCl. This ‘ON’ state caused the DBS-doped PPy membrane to
become oxidized and contract, thereby facilitating the flow of the solution through
the nanoporous membrane and subsequently through the microneedles. As can be
observed from Fig. 11.3B, the emission of MG from R1 is visible whereas R2 re-
mained closed and did not permit the release of the dye. Following this operation,
R1 was maintained at the oxidized state (0.5 V vs Ag/AgCl, ‘ON’) while R2 was
switched to the oxidized state (0.5 V vs Ag/AgCl, ‘ON’), thus releasing MG from
both reservoirs (Fig. 11.3C). Subsequently, R1 was switched to the reduced state
‘OFF’ and R2 was maintained at the oxidized state ‘ON’; as shown in Fig. 11.3D.
This controlled and alternating release of MG from the individual reservoirs by
various permutations of the applied potentials on the nanoporous membranes is
clearly observed in the figure.

The execution of repeated ‘ON-OFF’ cycles demonstrates that the mi-
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croneedle array-based actuator maintains the ability to open and close in a cyclic
fashion, even following 10 iterations. Furthermore, the temporal duration (~30
s) required to observe the release of MG at the tenth cycle was identical to that
of the first cycle. The time required for complete flow shutoff was approximately
35 s following the application of the OFF potential. Based on the above results,
R1 was loaded with cresol red (CR) and R2 was loaded with MG and all four
ON/OFF permutations were applied. The controlled ejection of dye from alter-
nating microneedle array reservoirs was clearly observed upon the application of
the appropriate potential at each nanoporous membrane.

Image analysis and UV-VIS spectrophotometry techniques were utilized to
analyze the drug delivery performance of the microneedle array by experimen-
tally quantifying the flow rate of the MG dye from a single microneedle channel.
Fig. 11.4 illustrates the release of MG from a single microneedle element into a
quiescent buffer solution at fixed time intervals of 30 s. A potential of 0.5 V (vs
Ag/AgCl) was applied to open the nanoporous membrane and release the dye dur-
ing the experiments. Following the application of this potential for 30 s, the dye
began to emerge from the microneedle aperture; a small column of dye was clearly
observed at 60 s. A well-defined column of dye possessing a height of approxi-
mately 0.5 cm was observed after 120 s. Afterwards, the estimated experimental
flow rate of the released dye was calculated via measurement of the column height
with image processing software (i.e., ImageJ) in conjunction with the flow rate

equation:

Q=+ md*h (11.1)

(t —to)
where d is the microneedle channel diameter and % is the column height
associated with a particular point at time ¢. Accordingly, the experimental flow
rate of the dye released from the microneedle aperture was determined to be 6.3
+ 0.4 uL/h (n = 10) through analysis of multiple time-lapse still-frame images

(Fig. 11.4).
In an effort to validate the flow rate obtained via image analysis, UV-VIS

spectrophotometry was employed to quantify the amount of dye released and subse-
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Figure 11.5: UV-VIS spectrum illustrating the absorbance profile generated by
the release of methylene green (MG) from a single microneedle at a 2 min release
interval over a 20 min duration. The upper inset displays the corresponding UV-
VIS spectra and the lower inset displays the absorbance of 10 distinct experiments
at a single release time.
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quently assess the microneedle flow rate and repeatability. The absorbance spectra
for the MG released from a single microneedle element was recorded sequentially,
every 2 min, as shown in Fig. 11.5. The inset in Fig. 11.5 (bottom right) substan-
tiates the reproducibility of the MG release from the drug-delivery nanoactuator
over the same release time. The maximum deviation among these ten repetitions
was 5.5 % from the original absorbance, which was measured at the maximum
wavelength. Linear regression analysis was performed on the absorbance vs time
plot, yielding a slope of 3.5 mO.D.-min~! with a high coefficient of determination
(R* = 0.993) and low relative standard deviation (RSD = 2.74 %, n = 3); this
result indicated a constant release of dye from the microneedle. From these ex-
periments, the fluid flow rate was calculated to be 5.5 + 0.2 pL/h, which is in
good agreement with the image analysis data collected from the time-lapse video
still-frames. The fabricated membranes were highly reproducible; interpolated flow
rates deviated by less than 10 % under identical electropolymerization conditions.

Following the optical characterization of the microneedle array-based ac-
tuator, the platform was migrated to an automated system capable of generat-
ing arbitrary release profiles at the two reservoirs. As illustrated in Fig. 11.6, a
PC loaded with MATLAB (MathWorks, Inc., Natick, MA) was implemented to
control the instrumentation via a National Instruments (Austin, TX) USB DAQ-
to-GPIB interface. Three Agilent (Santa Rosa, CA) E3645A DC power supplies
were employed in the evaluation; two power supplies controlled the discharge of
the model electroactive agents (one power supply per reservoir) while one power
supply was dedicated to driving a variable-speed electric motor implemented to ag-
itate the solution following the release of the electroactive agent(s). A conventional
3-electrode electrochemical contingent (glassy carbon working electrode, platinum
counter electrode, and Ag/AgCl reference electrode) was employed in conjunction
with a PC-interfaceable Metrohm (Herisau, CH) Autolab M101 potentiostat to
monitor the release profile of the electroactive agent(s). Images of the setup are
displayed in Fig. 11.7A and B.

Electrochemical characterization of the microneedle actuator commenced

with the creation of user-defined waveforms (via MATLAB), which were employed
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Figure 11.6: Schematic diagram delineating the process flow associated with the
electrochemical evaluation of the multiplexed microneedle array actuator. User-
defined arbitrary waveforms are transterred to the power supplies via a GPIB DAQ
to control the release of the model electroactive compounds from the reservoirs in
addition to actuating the agitator. A potentiostat is used in conjunction with a
3-electrode electrochemical contingent to monitor the release of the electroactive

agent(s).
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Figure 11.7: (A) Close-up image of the setup employed to conduct the elec-
trochemical evaluation of the microneedle array actuator with core components
labeled. (B) Image of the setup workbench illustrating the extent of the test and
measurement equipment involved.
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Figure 11.8: User-defined waveforms employed to control the temporal release
profile of the electroactive species present in two distinct reservoirs within the
microneedle array actuator. Waveforms are employed to cycle between the ‘OFF’
and ‘ON’ states of the actuator via the application of the corresponding redox

potentials.
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Figure 11.9: Electrochemical response generated by the microneedle array actu-
ator to a user-defined waveform. R1 is loaded with a 0.1 M potassium phosphate
buffer solution, whereas R2 contains 1.0 M ascorbic acid dissolved in the buffer
solution (Eapp = 0.6 V vs Ag/AgCl).

to establish the output redox potential generated by the power supplies, thus
regulating the temporal release profile of the electroactive species present in two
distinct reservoirs within the microneedle array actuator. Exemplary waveforms
are illustrated in Fig. 11.8. Agitation was employed for 5 s following each release
routine to simulate batch injection and the corresponding electrochemical response
was continously monitored with a potentiostat. The electrochemical oxidation
profile recorded in response to a user-defined waveform is displayed in Fig. 11.9
(Eapp = 0.6 V vs Ag/AgCl). As is evident from the figure, a solution devoid of
electroactive species is housed in R1 (potassium phosphate buffer), whereas R2
contains an oxidizable agent (1.0 M ascorbic acid).

The understanding of the fluid flow characteristics of the microneedle array
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is crucial for delivering the precise amount of drug to subcutaneous tissue during
transdermal drug delivery. To augment this understanding and to analytically
estimate the drug delivery capability, the fluid flow characteristics of a single mi-
croneedle was modeled beginning from first principles. Given that the first law
of thermodynamics is proxied by the following expression of the conservation of

energy:

dE

Q - W = E ’System (112)

where Q represents the external force applied to the system, W represents
the work performed by the system, and F represents the time-dependent energy
state of the system, the external force applied to a fluidic system can accordingly

be evaluated,

: V2 Lo
Q= (u+Pv+7+gz) pV - dA. (11.3)

The above relation assumes incompressible flow (i.e. the solution density,
p, is constant), a fixed control volume v, uniform internal energy (F) and pressure
(P) across all sections, and that mechanical energy is not released. In the relation,
u represents the potential energy stored in the system, V represents the flow
velocity, ¢ is the acceleration due to gravity, z is the microchannel length, and A is
the cross-sectional microchannel area. Further assuming that the internal energy
remains constant in the system and a uniform fluid flow rate across all sections,

Eq. (11.3) can be recast into the modified Bernoulli equation,

Pl ‘/'12 (P2 ‘/'22 ) ‘/'22 n L m
SR B NIV T i 11.4
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where where P; and P, are the atmospheric and microneedle outlet pres-
sures, respectively, V; and V5 represent the average fluid velocities within the
reservoir and microchannel, respectively, z; and 2 represent the spatial extents of
the reservoir and microneedle outlet, respectively, f is the friction factor, L is the
channel or pore length, and D is the hydraulic diameter [343, 344], as diagram-
matically represented in Fig. 11.10A and B. The second term in Eq. (11.4) refers
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Figure 11.10: (A) Schematic representation of a single microneedle element for
modeling considerations. (B) Schematic of a single microneedle during drug deliv-
ery. Microneedle components include the following: (i) reservoir, (ii) lumen, (iii)
hollow microneedle, (iv) Au/PPy/DBS nanoporous membrane, (v) PC membrane,
and (vi) the released agent.

to the friction losses through the actuating nanopores, polycarbonate membrane,

and microneedle channel as shown in expanded form,

pores 7_pores Lmembrane Tmembrane Lmicroneedle
f fpores D —+ fmembrane D + fmicroneedl@ D
Epores Emembrane
(11.5)

where 7 and ¢ represent the tortuosity and porosity of the nanopores and
polycarbonate membranes, respectively [333] and D is the diameter of a single
microchannel (342 pm). The porosity of the PC membrane is 0.2 (see previous
discussion) and the porosity of the actuating nanopores is 0.4 due to the pore
narrowing created by the Au/PPy/DBS functionalization. An approximate tortu-
osity value of 1.5 was assigned to the PC membrane and the actuating nanopores
to account for the increased channel curvature created by the nanopores. The re-
spective friction factors were calculated according to Stokes flow theory for water
flow in microchannels [345, 346, 347], where the product of the friction factor and
Reynolds number (fRe = 64) utilized for macroscale laminar flow in circular chan-
nels is employed [348]. The friction factors for each flow section can be obtained

by the Reynolds numbers obtained for fluid flow in each of the 3 flow sections of
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Table 11.1: Dimensions and flow characteristics of a single microneedle channel.

Flow section Length (um) Total cross-sectional area Re

Microneedle channel 1366 A, 6E-3
Polycarbonate membrane 7 0.2A. 5E-5
Nanoporous membrane 0.75 0.4A. 9E-5

the microneedle channel Tab. 11.1.

The values presented in Tab. 11.1 are calculated according to the following
considerations. A. is the cross sectional area of the microneedle [7(Dicroncedie)?/4]-
The Reynolds number (Re = pVD/u) was calculated using the density (p = 1000
kg/m?) and viscosity (¢ = 1.000 N-s/m?) of water at room temperature [349]. The
velocity used to estimate the Reynolds number for fluid exiting the microneedle
channel was determined a priori by averaging the experimental velocities obtained
by image analysis and UV-VIS spectrophotometry. Furthermore, the a priori ve-
locities within the polycarbonate membrane and the nanoporous membrane were
obtained by utilizing the conservation of mass principle for incompressible fluids
(V1A; = V5 A5) in conjunction with the average experimental velocity to calculate
the corresponding Reynolds number, while the theoretical model velocity was mul-
tiplied by a factor of 0.7 to account for a 30 % widening of the fluid flow stream
after exiting the microneedle, thus matching the flow stream characteristics used
in the image analysis experiment (refer to Fig. 11.4).

The last term (XK) in Eq. (11.4) represents the sum of minor losses due to
the inlet, exit, and hydrodynamic development length, which is shown in expanded

form below:

> K = Kiner + Kouttet (11.6)

j=1
where Kj,0¢ and K. are loss coefficient factors for a square edge inlet
(0.5) and for an exit (1) typically associated with hollow microneedles [343, 344].
Finally, an expression for the theoretical flow rate of the fluid exiting the
microneedle channel can be formed by assuming quiescent flow at the top of the

reservoirs (V3 = 0), and negligible pressure gradients throughout the flow network
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Table 11.2: Comparison of the theoretical and empirical microneedle actuator
flow rates.

Flow rate (Qz) (uL/h)
Theoretical model 6.4
Image analysis 6.3 + 0.4
UV-VIS spectrophotometry 5.5 + 0.2

(AP = Py - P, = 0).

29 (21 — 22)
Y5 LK
The theoretical flow rate calculated by Eq. (11.7) and the experimental flow

Q2=A (11.7)

rates obtained through image analysis and UV-VIS spectrophotometry are in good
agreement, validating the veracity of the microneedle fluid flow model presented
herein (Tab. 11.2).

The ability to transdermally release multiple therapeutic agents is of pro-
found importance for the autonomous treatment of a metabolic syndrome (a combi-
nation of hypertriglyceridemia, hypertension, and insulin-dependent diabetes mel-
litus), human immunodeficiency virus, or other chronic medical conditions. In this
study, a self-contained multiplexed drug delivery system has been presented that
utilizes arrays of microneedles coupled with conducting polymer nanoactuators for
the controlled release of fluidic agents. The ability of PPy/DBS to undergo volu-
metric changes with applied electrical potentials permits the release of fluid in a
controlled and switchable fashion without the need for moving parts or integrated
microelectromechanical systems. These nanopore-actuated microneedle arrays are
well suited for integration into wearable drug delivery devices, in which cost and
power constraints must be minimized.

In an effort to elucidate the drug delivery capacity of the microneedle array,
the fluid flow characteristics were analyzed both experimentally and analytically.
Image analysis software and UV-VIS spectrophotometry were used to empirically
determine the flow rate of the fluid exiting the microneedle channel while the mod-
ified Bernoulli equation was employed to analytically determine the flow rate. The

resultant flow rates obtained through image analysis (6.3 + 0.4 pL/h), UV-VIS
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spectrophotometry (5.5 £ 0.2 uL/h), and analytical modeling (6.4 pL/h) were in
good agreement, hence validating the accuracy of the model. Furthermore, the low
standard deviation obtained from the experimental flow rate measurements is in-
dicative of the high repeatability of the volumetric low rate exiting the microneedle
channel. The juxtaposition of theoretical modeling and empirical results provides
much-needed insight into the transport of fluids through distinct multi-diameter
flow sections of microneedle arrays. Thus, this experimentally-corroborated ana-
lytical model provides a foundational backbone for subsequent microneedle designs
in which the results can be used to predict fluid flow characteristics in microneedle
configurations yet to be experimentally evaluated. The detailed understanding of
the fluid flow characteristics as well as the repeatable, precise release of fluid is of
critical importance for applications within the drug delivery domain.

When compared with conventional drug delivery systems, the presented
methodology obviates the need for sophisticated microfluidic and/or microelec-
tromechanical systems such as micropumps in order to actuate the delivery of the
target therapeutic agent. As is evident, flow rates are somewhat lower using this
‘passive’ approach, however the proposed technology embodies unique advantages
including minimized overall system complexity, substantially increased robustness
due to its purely solid-state nature, and the ability to be sustained by a given power
source for extended periods of use. Although the approach possesses these note-
worthy advantages, a limitation of the approach must be considered: the relative
difficulty encountered in actuating the release of highly viscous fluid formulations
from the microneedle array device. Thus, in future work, the construction of this
drug delivery system, including the individual microneedle diameters, should be
adjusted and optimized to assure the appropriate flux rate through the membrane
nanopores for fluids of varying viscosities and molecular weights.

The presented nanoporous membrane-actuated microneedle array estab-
lishes the foundation for practical body-worn devices that can deliver different
therapeutic agents in an ‘on-demand’ manner. The microneedle array embodies
the potential to deliver multiple drugs with higher precision and temporal reso-

lution than conventional macroneedle delivery techniques offer while reducing the
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pain, patient anxiety, and risk of infection commonly associated with conventional
drug delivery platforms. Moreover, the new multiple-drug delivery microsystem
can be integrated with a microneedle sensor array, hence coupling multiplexed an-
alyte detection with a means to deliver a concomitant therapeutic intervention.
Such a closed-loop sensing / drug delivery microneedle paradigm is well-positioned
to precisely deliver multiple therapeutic agents in an on-demand basis. The mani-
festation of autonomous ‘Sense-Act-Treat” systems may not only provide an avenue
for the rapid response to biomarker fluctuations with a targeted therapy, but may
also herald the development of self-regulating drug delivery microdevices that are
able to modulate dosage based on the severity of the injury or extent of the illness /
disease. The development of such responsive multiplexed drug-delivery systems is
expected to dramatically transform outpatient, home-based civilian medical treat-

ments as well as military medical care.

Portions of Chapter 11 were taken from G.V. Ramirez*, J.R. Windmiller*,
J.C. Claussen®, A.G. Martinez, F. Kuralay, M. Zhou, P.R. Miller, N. Zhou, R.
Polsky, R. Narayan, and J. Wang. Multiplexed and switchable release of dis-
tinct fluids from microneedle platforms via conducting polymer nanoactuators for
potential drug delivery. Sensors and Actuators B, 161(1):1018-1024, 2012. The

dissertation author was the co-primary investigator and author of this manuscript.



Chapter 12

Closed-loop systems

Insanity: doing the same thing over and
over again and expecting different results.

—Albert Einstein

The integration of the logic-based biosensing paradigm with novel drug
delivery devices for the development of reactive systems capable of autonomous
therapeutic intervention would be of substantial utility in scenarios where imme-
diate access to a caregiver is not feasible. Advanced incarnations of both com-
ponents have been demonstrated throughout the course of this research program
and described in detail in this thesis. However, the realization of a closed-loop
‘Sense-Act-Treat’ system remains the proverbial ‘holy grail” in the medical devices
community. Along these lines, efforts have been directed towards the integration
of these two concepts (biosensing and drug delivery) in an autonomous platform

and are delineated in the following sections.

12.1 Self-powered ‘Sense-Act-Treat’ systems em-
ploying enzyme logic gates

Enzymatic biofuel cells (BFCs) have attracted considerable recent interest
owing to their ability to provide sustainable energy from renewable fuel sources un-

der mild conditions [350, 351]. The ability to engineer these devices to process vari-
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Lactic acid

Acetaminophen

Figure 12.1: Illustration of the self-powered, biocomputing, logic-controlled
‘Sense-Act-Treat’ system based on a BFC. Lactate (LAC) and lactate dehydroge-
nase (LDH) are used as diagnostic biomarker inputs for the AND logic operation
in connection with the abdominal trauma (ABT) model injury. Acetaminophen
(ACT) is used as the model therapeutic agent. In the presence of both inputs
((1,1) state), the BFC is switched ON, hence activating the release of the drug.

ous ‘renewable’ biochemical species holds considerable promise for the utilization of
BFCs as implantable power sources for biomedical devices [350, 351, 352, 353, 354].
In addition to major research thrusts that have focused on extended operational
stability, improved power efficiency, and device miniaturization [350, 351, 352, 353,
354, 355], recent activity has been devoted to the development of BFC-based logic
biosensors with potential applications in the self-powered, biocomputing diagnos-
tics domain [356, 357, 358, 359, 360]. In accordance with the principles of Boolean
logic, such self-regulating, self-powered, implantable devices could be able to ex-
tract and process analytes that reside in complex media [47, 108, 178|.

A self-powered, logic-controlled, integrated ‘Sense-Act-Treat’” system based
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on a BFC has been developed to address demands for autonomous biomedical de-
vices. Controlled drug-release technologies leverage the ability to deliver targeted
therapies on demand and thus have advantages over conventional methods, which
include more rapid intervention capabilities and greater dosage efficacy [324, 361].
The BFC-based system that has been developed in this study offers simultane-
ous biocomputing diagnostic operation and controlled drug-release functionality
without the need for external power sources. The use of a biocomputing-based
detection method to trigger the release of a drug through the logic-based con-
trol of the BFC’s power output has not been reported to date. In stark contrast
to conventional biosensors or controlled release systems, the BFC-based biocom-
puting system is able to autonomously correlate the relationship between differ-
ent biomedically-relevant markers according to ‘programmed’ Boolean logic oper-
ations, and to regulate the release of a drug to counteract the onset of abnormal
physiological states. The simultaneous, self-powered diagnostic operation and the
controlled release functionality are accomplished through a logic-induced change
in the electrocatalytic activity at the anode, which triggers the release of a model
therapeutic agent from the drug-loaded cathode. This logic-activated drug-release
system could serve as the core component of an autonomous system for medical
diagnoses and intelligent drug delivery that circumvents the need for any external
power sources, control electronics, or microelectromechanical actuators.

Fig. 12.1 shows the configuration of the ‘Sense-Act-Treat’ system. The
system consists of an enzyme-based logic-controlled anode and a drug-containing
cathode that is functionalized with a conducting polymer (CP). Under ‘normal’
scenarios, the BFC is OFF and the drug remains embedded (doped) within the
CP-modified cathode. Conversely, in the ‘abnormal’ state, the Boolean logic anode
will switch the BFC to the ON state, which results in the release (undoping) of
the therapeutic agent from the cathode, in conjunction with a substantial increase
in the power output (as well as the corresponding open-circuit potential, OCP). In
this manner, the digitally-processed information yields a final ON / OFF output,
thereby enabling the direct coupling of the logic detection method with the drug-

release contingent and completes the integrated ‘Sense-Act-Treat’ system.
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To demonstrate the concept of self-powered, logic-activated therapeutic in-
tervention, the following were assembled: An enzyme-based, logic-controlled an-
ode (glassy carbon electrode modified with carbon nanotubes / Meldola’s blue
(CNT-MB/GC electrode)) and a drug-loaded, CP-modified cathode ((poly(3,4-
ethylenedioxythiophene)-acetaminophen (PEDOT-ACT) functionalized gold elec-
trode) operated in a potassium phosphate buffer solution (PBS; 0.1 M, pH 7.4)
containing nicotinamide adenine dinucleotide (NADT) as a cofactor (20 mM).

In order to prepare the anode, a CNT-dimethylformamide (DMF) suspen-
sion was prepared by agitating 10 mg of CNTs in 1 mL DMF. The mixture was
subsequently sonicated for 30 min. Subsequently, 1 uL. of the CNT-DMF suspen-
sion was cast on the GC electrode and the solvent was allowed to evaporate for 15
min at 35° C. The CNT/GC electrode was then immersed in a 0.5 mg mL~' MB
solution for 30 min. As a final preparatory step, the CNT-MB/GC electrode was
rinsed with deionized water, desiccated with a nitrogen stream, and employed as
the anode component of the BFC.

For the electropolymerization routine, an Au working electrode was im-
mersed in a solution containing 0.1 M 3,4-ethylenedioxythiophene (EDOT), 2.5
mg mL~! ACT, and 0.1 M LiClO,. The electropolymerization of EDOT was per-
formed at a constant potential of 1.2 V vs Ag/AgCl for 900 s, thereby leading to the
formation of PEDOT films incorporating ACT on the electrode surface. Follow-
ing a 120 min immersion of the electrode in PBS (pH 7.4), the PEDOT-ACT/Au
electrode was gently rinsed with deionized water and desiccated with nitrogen,
thereby forming the cathode element of the BFC. For comparison, a PEDOT/Au
electrode was also prepared. The Au electrode was firstly immersed in an aqueous
solution containing 0.1 M EDOT and 0.1 M LiClOy4. Following this routine, the
electropolymerization of EDOT was executed at a constant potential of 1.2 V wvs
Ag/AgCl for 900 s, forming a PEDOT film on the electrode surface. Following a
120 min immersion of the electrode in PBS (pH 7.4) and subsequent rinsing, the
PEDOT/Au electrode was desiccated with a nitrogen stream.

Abdominal trauma (ABT) was selected as the model injury, along with

the corresponding lactate (LAC) and lactate dehydrogenase (LDH, E.C. 1.1.1.27)
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Figure 12.2: (A) Temporal response of the open-circuit potential (OCP) at the
anode after the application of different input signals: a = (0,0), b = (0,1), ¢ =
(1,0), and d = (1,1). (B) Bar diagrams comparing the OCP measured at the
anode for the different combinations of the input signals, derived from A. The
dashed line is established at the threshold (0.15 V). Input A, LAC (20 mM); input
B, LDH (10 U mL™'). The respective combinations of the inputs LAC and LDH,
as well as the NAD™T cofactor (20 mM), were agitated and the reaction transpired
for 30 min before measurements were recorded.

biomarker inputs, as well as the AND logic implementation [128, 129]. The AND
logic is represented by the situation where the gate output is activated only when
both biomarker inputs are present [362]. The absence of LAC (input A) and LDH
(input B) is considered as the logic input 0, whereas LAC (20 mM) and LDH (10
U mL™!) are defined as logic input 1. Thus, these inputs provide a logic-based
diagnosis of ABT. ACT, which is frequently used to control pain in abdominal
injury, was selected as the model therapeutic agent [363].

The input combinations ((LAC,LDH) = (0,0), (0,1), (1,0), and (1,1)) were
first mixed in the base electrolyte solution (0.1 M PBS, pH 7.4 containing 20 mM
NAD™) for 30 min at 37° C under quiescent conditions. Subsequently, the bioanode
and CP-functionalized cathode were immersed in 1 mL of the above mixture and
the galvanic reaction was allowed to ensue for 60 min. Following this procedure, the
mixture (now containing the products of the biocatalytic and galvanic reactions)
was transferred to a separate electrochemical cell in order to quantify the amount
of ACT released.

Fig. 12.2A exhibits the temporal response of the OCP at the anode after
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the application of different combinations of the biomarker inputs. In the absence
of either or both of the inputs ((LAC,LDH) = (0,0), (0,1), and (1,0)), that is,
‘normal’ or otherwise anomalous states, the enzymatic reaction did not ensue and
reduced nicotinamide adenine dinucleotide, NADH, was not produced. As a result,
no appreciable alteration in the NADH oxidation OCP was detected, that is, the
BFC remained in the OFF state. However, in ‘abnormal’ scenarios in which LAC
and LDH were both present (input (1,1)), the LDH-catalyzed enzymatic reaction
of NAD"™ and LAC proceeded, which resulted in the formation of NADH and
pyruvate; accordingly, the OCP for the oxidation of NADH substantially decreased
from 0.18 V to -0.10 V (input (1,1) in Fig. 12.2, ON state). As illustrated below,
the large swing in the OCP leads to the concomitant release of the drug from
the cathode upon assembling the complete BFC. The corresponding bar diagrams
(Fig. 12.2B) illustrate that only the (1,1) input combination resulted in the ON
output state upon the application of the four logic combinations. Therefore, the
features of the anode correspond to the equivalent functional operation of an AND
logic gate that is able to perform the Boolean logic operation of AeB [362]. Owing
to the high dynamic range that is associated with the AND logic gate, such
operation thus facilitates the straightforward discrimination between the OFF and
ON output signals, as the OCP threshold of 0.15 V provides a clear discriminator
to separate ‘normal’ and ‘abnormal’ conditions.

Subsequently, the self-powered, logic-based diagnostic paradigm was paired
with a logic-activated drug-release system comprised of a cathode modified with
PEDOT-ACT. CPs have been widely used in controlled drug-release devices be-
cause of their unique redox, doping / undoping, and meso- / nano-porous properties
[324, 361]. The release of drug dopants that are entrapped within polymer hosts
has been widely reported; the process is instigated by the application of a negative
potential that serves to reduce, and thereby undope, the CP matrix host [324, 361].
Data from control experiments suggest that only the application of a suitable re-
dox potential of 0.0 V causes the PEDOT-ACT electrode to release the model
drug. Furthermore, the OCP at the PEDOT-ACT cathode, which corresponds to
the reduction of PEDOT (for all input combinations) is higher than that at the
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Figure 12.3: Temporal dependence of the cathode OCP upon application of
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1500 4
o
£
© 1000
= 5004
2
(7]
& 0
(a]
bt
S -500-
=
=
© 1000
T T T T T T T T
00 01 02 03 04 05 06 07
Potential / V (vs. Ag/AgCl)
& -240
g C —0.5ug mL”
20 ug mL"
<:L -180 = 40 ug mL"
-~ e 60 ug ML
2 ‘
v -120 =100 ug mL
[}
a
T
o -60
=
=
(&]
0
0.0 0.2 0.4 0.6

Figure 12.4:

buffer.

Potential / V (vs. Ag/AgCl)

Current Density / pA cg‘rl‘2

278

a

»n

=3

o
1

-900

-600 -

-300 4

— 0 MM
e— 1 MM|
—2 MM
—3 MM

0.0

-240 1

-180 -

Current Desity / pA cm™

0.2 0.4 06
Potential / V (vs. Ag/AgCl)

T
0

20 40 60 80 100

Concentration / pg mL"™

(A) Cyclic voltammograms (CVs) at a carbon nanotube-
functionalized glassy carbon (CNT/GC) electrode for 0, 1, 2, and 3 mM ACT. Scan
rate: 0.1 V s7'. (B) Differential pulse voltammograms (DPVs) at the CNT/GC
electrode for 0, 1, 2, and 3 mM ACT. (C) DPVs at the CNT/GC electrode for 0.5,
20, 40, 60, 80, and 100 ng mL~' ACT. Initial potential: 0.7 V vs Ag/AgCI; final
potential: 0V vs Ag/AgCl; scan rate: 0.1 V s~'. (D) Calibration plot for ACT at
CNT/GC electrode, derived from C. Solution: 0.1 M pH 7.4 potassium phosphate
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anode (Fig. 12.3). Different combinations of the input signals, (0,0), (0,1), (1,0),
and (1,1), are not observed to alter the OCP of the cathode (Fig. 12.3). Thus,
the PEDOT-ACT-modified electrode is suitable to serve as the cathode within the
self-powered, controlled release BFC.

In order to realize the self-powered controlled release functionality, the con-
trolled release operation was performed initially using the PEDOT-ACT/Au elec-
trode (in a conventional electrochemical cell) with an applied potential of 0.0 V
vs Ag/AgCl. Differential pulse voltammetry (DPV) was employed to examine the
release profile of ACT from the various functionalized electrodes (Fig. 12.4). As
shown in Figs. 12.5A and D(a), the ACT peak oxidation current increases with
extended release durations. At 30 min, the peak current approaches a steady-state
value, implying that no further ACT is released from the single cathode after 30
min. According to the linear equation derived from Fig. 12.4, 50 pg mL~! ACT
was released from the single cathode after 30 min. Control experiments using an
electrode devoid of the ACT doped in the polymer matrix or without the appli-
cation of a potential (shown in Figs. 12.5B and C, respectively) indicate that no
obvious DPV ACT peaks were observed even after 120 min transpired.

Accordingly, the complete, compartment-free BFC was assembled from the
logic-controlled anode and the drug-doped cathode. The corresponding power
curves were obtained for all combinations of the inputs (Fig. 12.6A). Under the
‘abnormal’ scenario when LAC and LDH were both present (input (1,1)), the BEC
switched ON and yielded a maximum power output of approximately 33.8 uW
cm~? (at approximately 0.40 V, output = 1, line d, Fig. 12.6A). In contrast, when
the (0,0), (0,1), and (1,0) input combinations were applied, that is, a ‘normal’
state, only negligible alterations in the NADH oxidation OCP occurred, thereby
switching the BFC OFF (output = 0, lines a, b, and ¢, Fig. 12.6A). Fig. 12.6B
shows the corresponding bar diagrams for the power output for the same four
input combinations. The selected threshold value of 20uW cm™2 conveniently
separates the OFF and ON logic states of the output power signal, whereby only
the presentation of the input combination (1,1) switches the output of the system

to the ON state.
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Figure 12.5: (A) DPVs at a carbon nanotube-functionalized glassy carbon
(CNT/GC) electrode corresponding to the oxidation of the ACT released from
the single cathode (i.e., PEDOT-ACT/Au electrode) with an applied potential of
0.0 V vs Ag/AgCl at increasing temporal durations. (B) DPVs at the CNT/GC
electrode corresponding to the oxidation of the ACT released from the PEDOT/Au
electrode with an applied potential of 0.0 V vs Ag/AgCl at increasing temporal du-
rations. (C) DPVs at the CNT/GC electrode corresponding to the oxidation of the
ACT released from the single cathode (i.e., PEDOT-ACT/Au electrode) without
an applied potential at increasing temporal durations. (D) Temporal dependence
of the peak current corresponding to the oxidation of the ACT released from the
PEDOT-ACT/Au electrode in the base solution (a, derived from A), PEDOT/Au
electrode (b, derived from B), and PEDOT-ACT/GC electrode (c, derived from
C). Initial potential: 0.7 V vs Ag/AgCl; final potential: 0.0 V vs Ag/AgCl; scan
rate: 0.1 Vs~
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Figure 12.7: Experimental results corroborating the logic-actived release of the
therapeutic agent. (A) DPVs at the CNT/GC electrode corresponding to the
oxidation of the AC'T released from the ‘Sense-Act-Treat’ integrated system using
all combinations of the input signals (0,0), (0,1), (1,0), and (1,1). Initial potential:
0.7 V vs Ag/AgCl; final potential: 0.0 V vs Ag/AgCl; scan rate: 0.1 Vs . (B)
Bar diagrams comparing the current density response generated by the release
of ACT for the different combinations of the input signals, derived from A. The
dashed line is established at the threshold (-22 uA cm™2). Input A, LAC (20 mM);
Input B, LDH (10 U mL™!). Input reaction duration, as in Fig. 12.2. Data were
extracted following 60 min of unperturbed galvanic operation.
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Consequently, the amount of the therapeutic agent released by the complete
BFC in response to different input combinations was examined by voltammetric
measurements of the released ACT. Fig. 12.7 shows a comparison of the current
response that was obtained from DPVs at a CNT/GC electrode corresponding
to the oxidation of the ACT released under the four logic scenarios. Only the
(1,1) ‘abnormal’ state resulted in an appreciable current response, hence, these re-
sults demonstrate that the ‘Sense-Act-Treat” system releases significant quantities
of ACT to counteract the onset of the abnormal state (Fig. 12.8). The substan-
tial catalytic reactions at the anode are associated with the (1,1) logic level and
dramatically increase the OCP, thus initiating the undoping and concomitant re-
lease of the therapeutic agent from the cathode. In contrast, ACT signals were
not detected in the presence of the (0,0), (0,1), and (1,0) input combinations.
No perceivable undoping of the CP-modified cathode occurred in this ‘normal’
/ ‘anomalous’ (OFF) state, which is reflective of the negligible OCP and power
output (Fig. 12.6). Overall, the data presented in Fig. 12.7 clearly delineate that
drug release is instigated to counteract the onset of ‘abnormal’ physiological states
manifested by elevated levels of the target biomarkers, LAC and LDH. Further-
more, the data from control experiments over a prolonged period of 120 min (after
the 30 min input reaction between LAC, LDH, and NAD™) indicated that no
detectable DPV signals were generated by the oxidation of ACT (that is, drug
release) upon the application of the inputs (0,0), (0,1), (1,0), or when the circuit
was broken (Figs. 12.8B - E). The results of the control experiments also suggest
that therapeutic release from the system is terminated when the targets are absent
(Figs. 12.8G and H).

The interaction of potential electroactive interferents upon the controlled
release operation was examined in further detail. No apparent ACT release was
detected in the presence of physiological levels of uric acid (UA), dopamine (DA),
and epinephrine (EP). However, very minor release of ACT, which corresponds
to approximately 6 % and approximately 3 % of the (1,1) level, was detected in
the presence of physiological levels ascorbic acid (AA) and cysteine (CySH), re-

spectively (Fig. 12.9). Practical biomedical applications would require that careful
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Figure 12.8: DPVs at the CNT/GC electrode corresponding to the oxidation
of AC'T released from the self-powered integrated ‘Sense-Act-Treat’ system upon
(A) input (1,1), (B) input (0,0), (C) input (0,1), (D) input (1,0), and (E) circuit
break. (F) Temporal dependence of the peak currents generated by the oxidation
of ACT released from the system upon input (1,1) (a, derived from A), input (0,0)
(b, derived from B), input (0,1) (¢, derived from C), input (1,0) (d, derived from
D), and circuit break (e, derived from E). (G) DPVs at the CNT/GC electrode
corresponding to the release of AC'T from the system upon the application of input
(1,1) at 0 min and input (0,0) at 20 min. (H) Temporal dependence of the peak
currents for the continuous release of ACT from the system upon application of
input (1,1) at 0 min and input (0,0) at 20 min (derived from G). Initial potential:
0.7 V vs Ag/AgCl; final potential: 0.0 V vs Ag/AgCl; scan rate: 0.1 V s L.
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attention be paid to these potential interferents, possibly by the incorporation of
the appropriate permselective coatings [364].

The investigation presented embodies the first example of a biocomputing,
logic-based detection methodology mated with a controlled release drug delivery
actuator that is based on a closed-loop, self-powered BFC system. By harness-
ing built-in Boolean AND logic at the anode integrating physiologically-relevant
biomarker inputs, the proof of concept ‘Sense-Act-Treat’ system instigates a thera-
peutic intervention upon the detection of ‘abnormal’ conditions through the logic-
based control of the power output generated by the BFC. The concept of logic-
activated therapeutic intervention could serve as the core component of an au-
tonomous medical diagnostic and intelligent drug-delivery system that circumvents
the need for external power sources, control electronics, or microelectromechanical
actuators. The utilization of logic-activated delivery of a therapeutic intervention
to counteract an abnormal state could thus be adapted to a plethora of diverse
healthcare applications and may lead to major improvements in patient care. How-
ever, significant progress is necessary before practical biomedical applications of
this concept can be implemented, which include advances in the diagnostic capa-
bilities of enzymatic logic gates, minimization of potential interferences, and the
mitigation of biofouling effects. Moreover, in order to extend the concept to prac-
tical in wvivo applications, future devices will require further improvement, such
as the covalent immobilization of the NAD™ cofactor and the optimization of the
BFC parameters, to meet relevant ‘Sense-Act-Treat’ scenarios. Furthermore, the
implementation of biochemical filters [365] is expected to improve the ON / OFF
dynamic range and response time of the device and thus enable truly binary release

of the model therapeutic agent under diverse pathophysiological scenarios.

12.2 Self-powered biosensors controlled by logic

gates based on DNAzymes

Biofuel cells (BFCs) represent a specific variety of novel power sources which

employ enzymes or microbes as a bioprocessing contingent to oxidize a biofuel,
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Figure 12.9: (A) Dependence of the power density on the BFC voltage upon
the application of the input signals (1,1), (0,0), (0,0) + DA, (0,0) + UA, (0,0)
+ EP, (0,0) + AA, and (0,0) + CySH. (B) DPVs obtained at the CNT/GC
electrode for the AC'T released from the integrated ‘Sense-Act-Treat’ system upon
implementation of the input signals (1,1), (0,0), (0,0) + DA, (0,0) + UA, (0,0)
+ EP, (0,0) + AA, and (0,0) + CySH. Physiological levels of DA (10 nM), UA
(200 M), EP (10 nM), AA (60 uM), and CySH (100 uM) were employed in
this investigation. Initial potential: 0.7 V vs Ag/AgCl; final potential: 0.0 V vs
Ag/AgCl; scan rate: 0.1 V s~
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rather than relying on traditional practices of employing precious metal catalysts
for this process [350, 351]. In light of their relatively inexpensive components,
ability to process renewable biofuel sources, as well as their potential application
as power sources for bionic implants and bioelectronics, BFCs have been widely
investigated over the past decade [350, 351, 352, 353, 354]. Besides the engineer-
ing challenges that endeavor at achieving extended operational stability, improved
power output, and a higher degree of miniaturization [350, 351, 352, 353, 354, 355,
366, 367], several interesting and attractive studies have recently been reported that
target the creation of logic-based biosensing systems that harness BFCs for poten-
tial self-powered medical diagnostics and therapeutics [356, 358, 359, 368, 369, 370].
Compared with traditional biosensors, one of the most significant advantages of
logic-based biosensing systems integrated within BFCs resides in their ability to
correlate the relationship between multiple target analytes in complex samples
according to the principles of Boolean logic without the need for external power
sources or control electronics [47, 108, 178, 179, 371].

Research efforts aimed at the advancement of the self-powered biosensor
concept has resulted in the development of a system that harnesses deoxyribozyme
(DNAzyme)-based biochemical signals processed according to Boolean logic oper-
ations in order to control the power output generated by a BFC. DNAzymes,
selected by a systematic evolution of ligands by an exponential enrichment process
(SELEX), are biocatalytic nucleic acids with a promising capacity to selectively
identify charged organic and inorganic species at ultra-trace levels [372, 373, 374].
Owing to their unique characteristics, DNAzymes exhibit many intrinsic advan-
tages over conventional enzymes, including high chemical stability, cost-effective
reproducible synthesis, and facile chemical modification [372, 373, 374, 375]. While
catalytic nucleic acid systems and DNAzymes have been widely employed for
biosensing, nanomachine, logic gate applications [373, 374, 375, 376, 377, 378],
as well as for the cathode component within BFCs [367], the as-developed biosens-
ing paradigm represents the first example of a DNAzyme logic-controlled BFC for
implementation as a self-powered biosensor.

Harnessing a built-in INH logic gate, a DNAzyme-controlled BFC has been
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Figure 12.11: Components of the hairpin DNA employed in the study delineating
the DNAzyme and aptamer sequences.
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Figure 12.12: Top: (A) Cyclic voltammograms (CVs) at the cathode for 0 (a)
and 1 mM HyO, (b). (B) CVs at the cathode in the presence of 1 uM hemin for 0
(c) and 1 mM HyO, (d). (C) CVs at the cathode in the presence of 50 uM AMP
for 0 (e) and 1 mM H,O, (f). (D) CVs at the cathode in the presence of 1 M
hemin and 50 uM AMP for 0 (g) and 1 mM HyOs (h). Electrolyte: Ny-saturated 10
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (pH 7.2)
containing 50 mM KCI and 100 mM NaCl. Scan rate: 20 mV s~—'. Middle: Linear
sweep voltammograms (LSVs) at the cathode for 0 (a, c, e, and g) and 1 mM
Hy0, (b, d, f, and h) upon application of all combinations of the input signals (A)
(0,0), (B) (0,1), (C) (1,0), and (D) (1,1). Input A, 10 U mL~' ADA; Input B,
50 uM AMP. Cathode electrolyte: Ny-saturated 10 mM HEPES buffer (pH 7.2)
containing 50 mM KCI, 100 mM NaCl, and 1 uM hemin. Scan rate: 2 mV s~ .
Bottom: CVs at the cathode for 0 (a, ¢, e, and g) and 1 mM HyO, (b, d, f, and h)
upon the application of various input signals (A) (0,0), (B) (0,1), (C) (1,0), and
(D) (1,1). Input A, 10 U mL~' ADA; Input B, 50 uM AMP. Cathode electrolyte:
Ny-saturated 10 mM HEPES buffer (pH 7.2) containing 50 mM KCI, 100 mM
NaCl, and 1 uM hemin. Scan rate: 20 mV s~1.
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contructed in order to lead towards the development of a self-powered DNAzyme
logic biosensor. The INH gate implementation is leveraged in order to deter-
mine the presence of one specific target in the absence of another in a single test.
The INH logic gate integrates the functional properties of an AND and NOT
gate, where the output signal is activated by a specific combination of the in-
puts in accordance with a pre-defined truth table [379]. The development of a
logic-controlled BFC activated by various DNAzyme-based input signals encom-
passes promise for the construction of potential intelligent self-powered biosen-
sors or related bioelectronic diagnostic devices. As illustrated in Fig. 12.10, the
DNAzyme-BFC system is comprised of a hairpin DNA-modified cathode and a
glucose dehydrogenase (GDH)-modified anode. At the cathode, a horseradish per-
oxidase (HRP)-emulating DNAzyme sequence and an adenosine monophosphate
(AMP)-binding aptamer sequence are both blocked in the stem region of a hair-
pin DNA sequence (Figs. 12.10 and 12.11). Upon exposure of the cathode to
AMP in the presence of hemin, the AMP-binding aptamer-AMP complex forms,
resulting in the opening of the hairpin stem and hence the self-assembly of the
hemin/G-quadruplex HRP-emulating DNAzyme which serves to electrocatalyze
the reduction of HyOo (Figs. 12.10 and 12.11). Control experiments reveal that
only the treatment of both hemin and AMP on the cathode result in notably
elevated HyO5 reduction currents compared with the absence of hemin or AMP
(Fig. 12.12, top and middle). This entails that the HRP-emulating DNAzyme for-
mation based on hemin and AMP on the electrode interface can be employed as
the cathode of a BFC operating in an Na-saturated 10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) buffer (pH 7.2, containing 50 mM KCI,
100 mM NaCl, and 1 gM hemin) with HyOy (1 mM) as the oxidizer. Employ-
ing an anode modified with a GDH (E.C. 1.1.1.47, 256 U mg~')-carbon nanotube
(CNT)-Meldola’s blue (MB) composite, a glucose biofuel (24 mM) is oxidized in
the presence of NAD™ in an Ng-saturated 0.1 M pH 7.2 phosphate buffer solution
(PBS) (Fig. 12.12, bottom). MB was employed as an electroatctive mediator to aid
in the electron transfer from the active site of GDH to the anode and the cathode

and anode were separated with a Nafion membrane (Nafion® 117, thickness 175
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pum). The schematic of the BFC, represented in Fig. 12.10, clearly identifies the
components required for the construction of a self-powered logic-based DNAzyme
biosensor.

In order to construct the anode, a CNT-DMF suspension was prepared by
agitating 10 mg CNT in 1 mLL DMF and ultrasonicating the mixture for 30 min.
Subsequently, 1 ul of the CNT-DMF suspension was cast on a GC electrode.
Following evaporation of the solvent at 35° C for 15 min, the CNT/GC electrode
was obtained. Immediately following this routine, the CNT/GC electrode was
immersed in a 0.5 mg mL~! MB solution for 30 min. Subsequently, the as-obtained
CNT-MB/GC electrode was rinsed with deionized water and desiccated with a
nitrogen stream. A bovine serum albumin (BSA) solution (1 % w/w in 0.1 M
PBS, pH 7.2) was mixed with a GDH solution (6 U pL~! in 0.1 M PBS, pH 7.2)
with a volume ratio of 1:2 to yield a GDH-BSA mixture. After drop-casting 1.5
uL of the resulting mixture onto the surface of the CNT-MB/GC electrode, 2 pL
of glutaraldehyde aqueous solution (40 mM) was cast onto the electrode surface
in order to cross-link the GDH onto the CNT-MB/GC electrode. Following a 12
h incubation at 4° C, the as-prepared electrode was rinsed with distilled water,
desiccated with a nitrogen stream, and utilized as the anode (i.e., GDH/CNT-
MB/GC electrode) in the BFC system.

The cathode was realized as follows: 6 uL of a 1 M thiolated DNA solution
(prepared in 10 mM HEPES buffer, pH 7.2) was cast on the Au electrode for 2
h to produce a thiolated hairpin DNA self-assembled monolayer (SAM) on the
electrode surface. After rinsing with the buffer solution and desiccating with a
nitrogen stream, the as-prepared electrode was employed as the cathode. As shown
in Fig. 12.11, the hairpin DNA on the cathode contains a horseradish peroxidase
(HRP)-emulating DNAzyme sequence and an AMP-binding aptamer sequence,
which are both blocked in the stem region of the hairpin.

In order to demonstrate proper DNAzyme logic operation, adenosine deam-
inase (ADA) (which can transform the AMP substrate into inosine monophosphate
(IMP)) and AMP were applied as the model inputs (inputs A and B, respectively).
The absence of ADA or AMP is considered as logic input 0, while their optimized
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Figure 12.13: (A) LSVs at the cathode for 1 mM HyO upon the application of
the various combinations of input signals (0,0) (a), (0,1) (b), (1,0) (c), and (1,1)
(d). Scan rate: 2 mV s™'. (B) Bar diagrams, illustrating the current response at
-0.5 'V vs Ag/AgCl generated by all permutations of the input signals. The dashed
line indicates the threshold (-25 pA). (C) Truth table for the INH logic gate. (D)
The equivalent logic system for the INH logic gate. Input A, 10 U mL™' ADA;
Input B, 50 uM AMP. Cathode electrolyte: Ny-saturated 10 mM HEPES buffer
(pH 7.2) containing 50 mM KCI, 100 mM NaCl, and 1 ;M hemin.
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Figure 12.14: (A) CVs at the cathode for 1 mM HyO, upon the application of
the various combinations of input signals (0,0) (a), (0,1) (b), (1,0) (c¢), and (1,1)
(d). Scan rate: 20 mV s~'. (B) Bar diagrams, illustrating the current response
at -0.5 V vs Ag/AgCl generated by all permutations of the input signals, derived
from A. The dashed line indicates the threshold (-50 pA). Input A, 10 U mL™!
ADA; Input B, 50 uM AMP. Cathode electrolyte: Np-saturated 10 mM HEPES
buffer (pH 7.2) containing 50 mM KCI, 100 mM NaCl, and 1 uM hemin.
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Figure 12.15: (A) Open-circuit potential (OCP) versus the power density gener-
ated by the BFC. Anode biofuel, 24 mM glucose; cathode oxidizer, 1 mM HyOy;
input signals are shown: (0,0) (a), (0,1) (b), (1,0) (c), and (1,1) (d). (B) Bar
diagrams, illustrating the maximum power density for the different combinations
of the input signals, derived from A. The dashed line is established at the threshold
(0.5 uW em™2). Anode electrolyte: Ny-saturated 0.1 M PBS (pH 7.2) containing
20 mM NAD*. Cathode electrolyte: Ny-saturated 10 mM HEPES buffer (pH 7.2)
containing 50 mM KCI, 100 mM NaCl, and 1 pM hemin.
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concentrations at 10 U mL~" (ADA) and 50 uM (AMP) are defined as logic input
1. The input signals were applied in all four combinations ((0,0), (0,1), (1,0) and
(1,1), where the first bit corresponds to signal A and the second bit to signal B).
When ADA and AMP are both absent (input (0,0) in Fig. 12.13A), the current for
the HoO4 reduction at the cathode was -8.62 pA (at -0.5 V vs Ag/AgCl). Follow-
ing the addition of AMP, a significantly higher current was observed (-40.60 pA)
due to the formation of the hemin/G-quadruplex HRP-emulating DNAzyme at
the cathode (input (0,1) in Fig. 12.10A and Figs. 12.13A and B). Under scenarios
where only ADA was present (input (1,0) in Fig. 12.10A and Figs. 12.13A and B),
the DNAzyme did not form on the cathode, thereby leading to an output of O.
When ADA and AMP were both present (input (1,1) in Fig. 12.10A, Figs. 12.13A
and B, Fig. 12.12 (bottom), and 12.14), the binding aptamer-AMP complex gen-
erated on the cathode transformed into IMP, which resulted in an output of O.
Therefore, the features of the system correspond to the equivalent behavior of an
INH logic gate that performs the Boolean logic operation of A’B (Fig. 12.13C and
D, Fig. 12.12 (bottom), and 12.14). Specific patterns of the ADA and AMP BFC
inputs thus generate an output in compliance with a truth table for an INH gate.

The logic-controlled HyO,-reducing cathode was subsequently mated with
a glucose-oxidizing anode to yield a complete BFC system. The application of
the (0,0) input signal did not alter the power output of the BFC (input (0,0) in
Figs. 12.15A and B and Fig. 12.16). When the (0,1) input signal was applied, the
hemin/G-quadruplex HRP-emulating DNAzyme formed at the cathode interface;
accordingly, the power output increased, thus resulting in the ON state of the
BFC (input (0,1) in Figs. 12.15A and B as well as Fig. 12.16). When the (1,0)
and (1,1) input signals were applied, the power output of the BFC did not change
appreciably; accordingly, the BFC remained in the OFF state (inputs (1,0) and
(1,1) in Figs. 12.15A and B and Fig. 12.16).

Inline with the operational functionality of an INH logic gate, in circum-
stances when only AMP is present in the sample (input (0,1)), a significantly
elevated power output is observed (output 1) and the gate switches ON (input
(0,1) in Fig. 12.15). If AMP is not present or AMP and ADA are both in the
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Figure 12.16: OCP versus the power density generated by the BFC' utilizing 24
mM glucose as the biofuel at the anode and 0 (a, ¢, e, and g) or 1 mM HyOs (b, d,
f, and h) as the oxidizer for the cathode upon the application of the various combi-
nations of the input signals (A) (0,0), (B) (0,1), (C) (1,0), and (D) (1,1). Input
A, 10 U mL~' ADA; Input B, 50 mM AMP. Cathode electrolyte: Ny-saturated
10 mM HEPES buffer (pH 7.2) containing 50 mM KCI, 100 mM NaCl, and 1
uM hemin. Anode electrolyte: Ns-saturated 10 mM phosphate buffer (pH 7.2)
containing 20 mM NAD™.

sample (inputs (0,0), (1,0) and (1,1)), the power output is ‘disabled’ (output 0);
consequently, the INH gate switches the BFC to the OFF state (inputs (0,0),
(1,0) and (1,1) in Fig. 12.15). Therefore, the INH logic gate presented here
queries only the presence of a specific target in the absence of another related in-
put in a single test. Additionally, the present DNAzyme INH logic-based device
is able to operate in the absence of an external power source, hence underscoring
the inherent self-powered characteristics of this bioelectronic device.

The presented developments represent the first example of a DNAzyme logic
system integrated within a BFC in order to provide for controlled power genera-
tion intended for ‘intelligent’ logic-based biosensing applications. This approach
employs a pattern of ADA and AMP as inputs to a BFC, which generates an out-
put in compliance with a truth table for an INH gate, based on modulating the
HRP-like activity of a DNAzyme. The concept also demonstrates the feasibility of
harnessing self-powered medical diagnostics that employ biologically-inspired logic
gate-based designs. If pathologically-relevant targets are applied to the DNAzyme

logic-controlled BFC, self-powered diagnostic operation may be realized, which
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would enable the direct screening of various medical conditions. In view of the
tremendous interest in DNAzyme-based bioanalytical systems [372, 373, 374, 375],
the eventual integration of DNAzymes with self-powered biocomputing devices
holds considerable potential for diverse applications.

It should also be noted that DNAzymes exhibit many advantages over con-
ventional enzymes [373, 374], which could make DNAzymes versatile for various
logic sensing applications. While the preliminary concept of logic-based activation
of DNAzyme activity has been illustrated using AMP and ADA as model com-
pounds, it can be expanded to the determination of metal ions (e.g., Ag®, KT,
Hg?", Pb?*, and Cu®"), the amplified detection of small molecules (e.g., adeno-
sine, cocaine, and AMP), and the identification of proteins such as lysozyme and

thrombin [372, 380].

Portions of Chapter 12, section 1 were taken from M. Zhou, N. Zhou, F. Ku-
ralay, J.R. Windmiller, S. Parkhomovsky, G.V. Ramirez, E. Katz, and J. Wang. A
self-powered ‘Sense-Act-Treat’” system that is based on a biofuel cell and controlled
by Boolean logic. Angewandte Chemie International Edition, 124(11):2686—2689,
2012. The dissertation author was a co-author of the manuscript and had substan-
tial original contributions to this work.

Portions of Chapter 12, section 2 were taken from M. Zhou, F. Kuralay, J.R.
Windmiller, and J. Wang. DNAzyme logic-controlled biofuel cell for self-powered
biosensors. Chemical Communications, 48(32):3815-3817, 2012. The dissertation
author was a co-author of the manuscript and had substantial original contributions

to this work.



Chapter 13

Conclusions and future directions

The future belongs to those who believe
in the beauty of their dreams.

—FEleanor Roosevelt

Molecular [177, 178, 179, 180, 181, 381, 382] and biomolecular [108, 182, 183]
logic gates able to process chemical input signals in a manner analogous to conven-
tional electronic-based computing systems have received substantial attention and
have witnessed rapid research and development efforts over the past decade. As
a sub-domain of unconventional computing [185, 186], bio-/molecular logic gates
possess the innate ability to process chemical information and emulate Boolean
logic operations utilizing binary definitions 0/1; NO/YES) to represent the con-
centrations of the chemical species partaking in the reaction. Leveraging this
approach, chemical reactions can be reformulated as information processing steps
with ‘programmed’ logic operations [142, 383, 384], hence yielding networks that
perform utilitarian logic operations. Despite the fact that chemical systems, based
on organic molecules [187, 188, 190, 191, 192, 193, 385, 386, 387, 388, 389, 390, 391,
392, 393, 394] or biomolecules [182, 194, 395, 396, 397, 398, 399, 400, 401, 402, 403],
achieved significant success in the implementation of singular logic operations and
simple cascades emulating biochemical pathways [195, 223], there still remains fun-
damental challenges that inhibit their potential applications. The present complex-

ity of the chemical information processing systems is far below that of electronic
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computers and the temporal duration of their computation operations (minutes-
to-hours) is far too long to be competitive with electronics. There is optimism
that complex combinatorial problems could be solved by biomolecular (e.g. DNA-
based) systems at an exponentially faster rate than by regular computers due to the
massive parallelism of information processing in chemical systems [404, 405, 406].
However, the biochemical computing field has not been developed to a sufficient
extent in the direction of molecular computers. Therefore, on the one hand, future
development of chemical systems in the direction of molecular computers able to
compete with the current electronic infrastructure represents a formidable chal-
lenge, at least at the present state of the technology. On the other hand, one
can recognize from observation that living systems, in general, and the cerebrum,
in particular, are based on biomolecular systems able to process information in a
substantially more efficient manner than electronic computers, albeit this method
is profoundly less understood. Thus, even if a technological paradigm does not
exist at the moment to emulate living systems in an artificial manner, an exam-
ple manifested by nature still remains, which at least demonstrates a perspective
for future developments in chemical information processing systems. An obvious
advantage of biocomputing systems over their electronic counterparts is their com-
patibility with biochemical systems and their ability to operate in a biochemical
environment [407]. A more idealistic view on the potential applications of biocom-
puting systems could even predict biocomputers capable of intracellular operation
[408, 409, 410, 411, 412] as a component of a novel nanomedicine concept [413].
Indeed, the synthesis and integration of the components required for the
construction of advanced functional biosensors have been delineated in this the-
sis. Future work will endeavor to apply the tools, devices, and systems that have
been introduced in this treatise to relevant scenarios in the generalized health-
care, fitness, security, and environmental monitoring domains. Nonetheless, fur-
ther insight into the physical considerations that are intrinsic to the operational
functionality of such devices is warranted and include the development of clever
techniques to mitigate the poor dynamic range and noise margins exhibited by

the enzyme logic incarnations presented in this study. Paramount to such efforts
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cation and treatment of injury / trauma / disease.
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resides in non-linearizing the input-output transfer characteristics exemplified by
enzyme logic gates from convex in nature to sigmoidal. Furthermore, to satisfy
most bio-monitoring embodiments, the implementation of preventative measures
designed to inhibit bifouling is crucial to extending the lifetime for practical use of
this paradigm in the biosensing arena. Advantageously, the concept lends itself to
integration with ultra-low power wireless electronics due to the binary nature of
the outputs generated by the logic gates. The ubiquitous wireless infrastructure
can thus be leveraged to alert first responders to the scene of injury.

A more pragmatic perspective of the utility of enzyme-based logic systems
concerns their implementation as advanced diagnostic devices. Although this new
approach facilitates the integration of multiple inputs to yield a single binary out-
put, hence increasing reliability, troubles arise when cascading complex aggre-
gates of enzyme logic gates owing to noise and cross-talk impairments. Indeed,
chemical-based information processing systems simply cannot compete with their
CMOS counterparts at their current stage of development or in the foreseeable
future nor can such ‘artificial’ organic systems be engineered that even begin to
emulate the simple computing units that are found at the heart of today’s micro-
/nanoelectronic infrastructure. This can be attributed to the stochastic nature
of mass transfer via diffusion (vs. the well-defined nature of electronic drift) as
well as the substantially slower rate of enzyme-mediated catalysis and chemical
kinetics (vs. electron mobility in a semiconductor crystal lattice). However, the
enzyme logic paradigm represents a substantial improvement over the state-of-the-
art when compared in the vein of conventional chemical and biological sensors.
Harnessing the innate merits of this unique approach, one is able to construct
high-fidelity biosensors and ‘Sense-Act-Treat’ systems that dramatically extend
the capabilities and robustness demonstrated by the current state-of-the-art in the
diagnostics and controlled-release domains. This concept can, in turn, be directed
at the demonstration of self-powered autonomous systems that completely obviate
the need for user intervention and are able to deliver an immediate therapeutic
response to amerliorate injury / trauma / disease.

Bearing in mind that the current physical limits of CMOS technology are
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rapidly being approached, a departure from the conventional CMOS-like wisdom
that has perpetuated advancements in computing for the past forty years is nec-
essary. Above all else, the proposed enzyme logic methodology represents a truly
molecular-scale avenue towards the implementation of simple, yet utilitarian bio-
computing operations. From this perspective, this exercise substantiates that such
devices can be mated with biological / chemical systems, thereby serving as the
critical juncture between the ‘analog’ bio-/chemical information that underpins the
operation of every living system and the robust digital signals that are requisite

for high-fidelity information processing.



Appendix A
Prediction of diffusion coefficients

Diffusion of spherical particles in fluids characterized by low Reynolds num-

bers is given by the Finstein-Stokes equation,

kgT

D= ,
67 nr

(A1)

where 7 represents the viscosity of the solvent and r represents the radius
of the spherical particle. Although this is sufficient for describing diffusion where
the solute and solvent molecules possess comparable sizes [414], it has been found
to be inappropriate for systems where the solute is substantially larger in spatial
extent than the solvent and/or conforms to a specific macromolecular geometry.
In this case, the diffusion of these macromolecules is influenced by the presence of
their smaller neighbors [415] arising from electrostatic interactions and solvation
effects [416] and therefore the rigid-sphere model presented in Eq. (A.1) cannot
be applied to such systems.

Tyn and colleagues [414] have adapted the Einstein-Stokes relation to a
model for the equivalent hydrodynamic sphere. The group has performed multiple
regression analysis with nearly 200 experimental data points for nearly 100 unique

protein entities. The following correlation was obtained:

169 x 107

D
M Rg 3
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Figure A.1: Dependence of the diffusion coefficient of a protein upon the number
of amino acid residues that its structure contains according to the model of Tyn
et al.

0.359N%? 4 7.257, (A.3)

where R, is the radius of gyration (A) and N4 is the number of amino
acid residues. This correlative formalism remains the most accurate mathematical
model for the prediction of diffusion coefficients of proteins at standard conditions
whereby the spatial extent and geometrical factors of these macromolecules are

accounted for.



Appendix B

Modeling the effect of pH on

enzyme activity

The protonation and hydroxylation of an enzyme can be represented by the

following mechanisms [417, 418]:

EH" & Egor+ HY (B.1)

Eacr 8 E- + HY (B.2)

where K7 and K represent the equilibrium constants of the reactions such

that:
= Eenl] (B.3)
o = (B.4)
Recognizing that,
[HT] = 10777, (B.5)

we have:
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[EACT] 10—pH

K= = (B.6)
- 2110 7

The total amount of enzyme in any configuration must be conserved such

that,

(] = [EHY) + [E7] + [Eacr] (B.9)

Synthesizing Egs. (B.6) - (B.8), we can solve for the active enzyme concen-

tration at any pH:

_ [E]
e S T T e (B:9)
and
K, = 107K, (B.10)

As can be inferred, it is best to operate an enzyme at its optimal pH activity

range, as determined empirically.
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Figure B.1: pH dependence of the activity of a hypothetical enzyme containing
hystidine (pK; = 6.08) and tyrosinase (pKy = 10.10) side chains.



Appendix C

Modeling the effect of

temperature on enzyme activity

Modulation in the temperature can affect both the rate constants associated
with the conversion of one chemical species to another as well as the activity of the
enzyme. It is generally understood by the simple Arrhenius law that the conversion
rate of one chemical species to another will increase concomitantly with a rise in

temperature. Namely,

k= Ae 7t (C.1)

where A is an arbitrary pre-exponential factor and F4 represents the acti-
vation energy required to initiate the reaction. We can express this temperature
dependence in terms of a reference rate constant krppr at a reference temperature

TREF [418],

e

It is typically the case that k is obtained empirically due to the challenges
associated with determining A and E,. However, the Arrhenius law provided in
Eq.(C.1) predicts that the conversion rate will increase without bounds as tem-
perature is increased. We know that an enzyme will begin to denature at elevated

temperatures and thus will lose its catalytic activity / turnover. We can express
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Figure C.1: Temperature dependence of the rate constant over a standard tem-
perature range.
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the denaturation of an enzyme according to the simple differential equation:

Eacr ™% Eppy (C.3)
d|E
% = ka|Eacr], (C.4)

where k; represents the rate constant associated with the denaturation
of the active enzyme F,cr into the denatured enzyme FEpgy. The solution to
Eq.(C.4) is given by

—(T-Topr)*

Eppn = Eacre 222 | (C.5)

where T refers to the operating temperature, Tppr is the optimal temper-
ature for maximum enzyme activity, and o is the operating temperature range.
As is evident from an inspection of Fig. C.2, maximal enzyme activity is attained
at the optimal operating temperature of the enzyme (typically in the vicinity of
physiological temperature) with a normal Gaussian distribution around this cen-
tral value. Accordingly, a model seeking to predict the rate of biocatalysis must
consider the interplay between the increase in reaction velocity provided under the
Arrhenius law and the thermal considerations associated with enzyme denaturation

at elevated temperatures.
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Appendix D

Modeling the effect of ionic

strength on enzyme activity

Ionic strength is defined as:

1 n

where C; and z are the concentration and charge on ion i, respectively.
Beginning with Debye-Hiickel theory [419, 420], we can express the activity

coefficient v of a charged species i as:

l () —2AVIT
og0 (i) = ———=,
T BT
where A and B are coefficients with values equal to 0.5 (L/mol)'/? and 1.0

(D.2)

(L/mol)*/2, respectively, for water at 298.15 K. The activity of any charged species
1 is thus given by,

—0.522vT

Considering a single-step pseudo-first-order chemical reaction:

A+ B8 AB. (D.4)

We can now express the relation using stoichiometric principles,
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oA + B8 ~AB. (D.5)
The rate equation can hence be derived in a straightforward manner,
d[yAB]
dt

Since v is not time-varying, it can be factored from the above relation,

= ko [yaA] [v5B]. (D.6)

which can be recast into the expression,

A o (22) a3, D7)

where the new catalytic constant can be expressed as:

k= ko <“JB> , (D.8)

or,

logio (k) = logio (ko) — logio (7) + logio (va) + logio (7B) - (D.9)

Substituting Eq. (D.2) into (D.9) we have:

05vT 5 : zazpV1
29+ 2z — (24— 2 =lo ko) +
1+\/7[A B (A B)} 910(0) 1+\/7

(D.10)

l0910 (k’) = lOglo (k‘o) —

and

zAzB\/T

k= kolO tivT . (D.11)

When performing electrochemical studies it is advisable to employ a buffer
solution / supporting electrolyte at a concentration of at least two orders of magni-

tude greater than the ions that comprise the chemical system under investigation.
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