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Abstract

The field of biosensors has been growing since the development of the widely used com-

mercial glucose oxidase sensors. By definition, a biosensor is an analytical device where the

sensing element consists of a biological component, typically an enzyme. Currently, there

are many challenges in the fabrication of enzymatic biosensors including enzyme selectivity,

stability, and pH sensitivity. As a result, there is a limited pool of enzymes currently in use

for electrochemical biosensing. One way to unlock the potential of electrochemical biosensors

is by discovering a wider range of enzymes suitable for use in biosensor development.

This thesis focuses on the design improvements of D-amino acid oxidase-based electro-

chemical biosensors. Limitations in biosensor performance attributed to the bioreceptor

component are discussed. The methodology used to tackle these challenges, which includes

generating D-amino acid oxidase variants through single point mutations for use in biosen-

sor development is presented. It is possible to alter enzyme selectivity and sensitivity to

develop biosensors with desired performance properties. Moreover, the application of DAAO

biosensors, focusing on D-serine detection through ex vivo and in vivo measurements from

Xenopus, is discussed in this thesis. The application of D-serine detecting biosensors allowed

to measure neurochemical release in model animal systems. Finally, biosensor development

is extended to other oxidase enzymes, such as glycine oxidase. This extension makes the

application of biosensors highly attractive for multiple real-time chemical detection, not

necessarily limited to biological applications.
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Résumé

Le domaine des biocapteurs s’est développé depuis le développement du utilisé des cap-

teurs commerciaux de glucose oxydase. Par définition, un biocapteur est un dispositif

où l’élément de détection est constitué d’un composant biologique, généralement une en-

zyme.Actuellement, il existe de nombreux défis dans la fabrication de ces capteurs, y com-

pris les enzymes sélectivité, stabilité et sensibilité au pH. En conséquence, il existe un pool

limité d’enzymes actuellement utilisé pour ces types d’appareils. Une façon de libérer le

potentiel de ces biocapteurs est en découvrant une gamme plus large d’enzymes adaptées à

une utilisation dans les biocapteurs développement.

Cette thèse discute des efforts déployés pour améliorer la conception de l’-aminoacide

oxydase Biocapteurs électrochimiques à base de (DAAO). Dans cette thèse, certains des les

limitations du composant enzymatique du biocapteur, telles que la sélectivité enzymatique,

sont discutées. La méthodologie utilisée pour relever ces défis, qui comprend la génération

de DAAO des variantes par mutations ponctuelles à utiliser dans le développement de bio-

capteurs sont présentées. Les résultats montrent qu’il est possible de modifier la sélectivité

et la sensibilité des enzymes pour developer biocapteurs avec les propriétés de performance

souhaitées. De plus, l’application de biocapteurs DAAO, axés sur la détection de la D-sérine

par ex vivo et in vivo mesures de Xenopus, est discuté dans cette thèse. L’application de

biocapteurs de détection de -sérine a permis de démêler des informations importantes sur

la libération neurochimique dans des systèmes animaux modèles. Enfin, le développement

de biocapteurs est étendu à l’utilisation d’autres enzymes oxydase, telles que la glycine oxy-
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dase. Cette extension rend l’application des biocapteurs très attrayante pour de multiples

détection chimique en temps réel, pas nécessairement pour les seules applications biologiques.



iv

Acknowledgments

Being a PhD student was definitely not what I expected it to be. I started in Janine’s

lab thinking that I was going to change the world during my PhD, only to realize that no

one can change the world in five years. That being said, I would like to thank my supervisor,

Janine, for being a key player in helping me make this realization. Instead, the biggest thing

that my PhD changed was myself.

First and foremost, I’d like thank Janine, for having the largest impact on me throughout

these years. Thank you Janine, for teaching me that I can’t do a million things at the same

time. Over the past five years, Janine was an amazing supervisor and mentor. Without

Janine I would have never been able to make it to the finish line. Thank you Janine, for

always being available, especially when I sent crazy excited emails about a research idea I

had. Thank you for helping me navigate through this puzzle called graduate school. Thank

you for working with me to improve my writing skills. I always walked into our meetings in

panic, and you always managed to make me leave a much calmer version of myself. More

importantly, thank you for all the opportunities you have made possible for me throughout

these five years.

Being part of the Mauzeroll lab is like being part of a science family. Yani, you make

working in the lab so much more fun. Lisa, thank you for all the smart questions and always

being ready to pick up a scientific discussion with me. Jeremy, thanks for all the laughs

and long office chats - I am certainly going to miss walking in the office only to find you

looking up another random city on the world map. Danny, thanks for making those extra



v

long thesis writing days more endurable. Yuanjiao, Nathaniel, Sara, Reza, Emmanuel, and

Hu- without you guys this journey would have never been the same. Isa, you are the glue

to our lab, thanks for the million and one things you do for all of us.

I’d also like to thank my second science family at University of Insubria. Dr. Pollegioni,

thank you for being welcoming, hosting me your lab and teaching me everything there is to

learn about enzymes. The three months I spent in Italy were some of the best times of my

PhD and your lab made the three months beyond memorable. Antonio, Giulia, Valentina,

Elena, Elisa, Laura - there are many memorable things to say and I will always remember

all the good times we had on the yellow floor!

To the people at the Montreal Neurological Institute (Marion, Daryan, Marjda, Dr.

Ruthazer)- thank you for teaching me all there is to know about neuroscience and working

with tadpoles and rat cells. Without you all, this biosensor journey would have been very

different.

My journey to McGill would not have been made possible without some of my under-

graduate professors. Without them, I would have never considered doing a PhD. To my

professors at AM: Dr. Bazzi, Dr. Nounou and Dr. Salama - you three have been role models

and I am lucky to have been taught and mentored by you.

On a more personal note, working in Pulp and Paper was a real joy thanks to all my

fellow graduate school friends. Haiyan, Simone, Hassan, Hatim, Roberto, Kevin, Yeganeh,

Sally and Linda - thank you guys. Friday dinners have always been the best way to end a

long week, especially when we all left Pulp and Paper together. You guys are family. Aya,

thank you for being the shoulder to cry on during the bad times but also being the one to



vi

celebrate with during the good - I am glad to have found a close friend in you.

To my friends who never understood the journey of an academic - thank you for your

endless support regardless. Ehsan, whom I have known since 10th grade and has listened

to me complain about every class we took together since we were 14 - thank you for always

picking up the phone when I was in need for a chat. Finally, none of this would have been

remotely possible without my real family who have always continuously pushed me to strive

for the best version of myself, especially my father, Khaled, and mother, Rana. Thank you

for being role models, my backbone and number one cheerleaders.



Contents

Preface i
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i
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1 Thesis Outline

Thesis Outline

Biosensors have significant potential in monitoring diseases, enabling huge developments in

personalized healthcare. For example, the conception of glucometers has transformed the

life of diabetics whom rely on measuring their blood sugar levels regularly. This thesis

contributes to the field of biosensing by developing robust and rapid methodology for real-

time amino acid detection, beginning with biosensor optimization and application to data

analysis simplification. This thesis demonstrates the advancements made towards robust

enzymatic electrochemical biosensor development and application for real-time amino acid

monitoring in neurological environments.

Chapter 1 presents an introduction to microelectrode-based sensors typically used for

analyte detection in various fields and their specific application for biological sensing. In

particular, the theory and equations behind analyte quantification using microelectrodes are

introduced. The literature surrounding microelectrodes as biosensors was reviewed over the

2013-2018 period and is presented in this chapter.

Chapter 2 presents a methodology for the characterization of immobilized RgDAAO study

the activity of crosslinked RgDAAO on fixed supports. The methodology is validated using

literature methods and the effect of immobilization on enzyme specificity is further explored.

Chapter 3 focuses on the application of RgDAAO biosensors in biological settings for

D-serine detection. The biosensors were tested in different complex tadpole matrices to

asses their usability for D-serine detection in pre-clinical research. The application of these

biosensors may be extended to other model organisms and detection media.
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Chapter 4 applies protein engineering strategies to improve the sensitivity and selectivity

of D-serine detecting enzymatic biosensors. Mutant yeast and human D-amino acid oxidase

were expressed, characterized and used to develop D-serine biosensors with varying D-serine

selectivity. The biosensor may then be used in different environments based on their D-serine

selectivity.

Chapter 5 extends the application of microelectrode- based biosenors to probe glycine.

Through the use of mutagenesis and highthroughput screening, the search for GO variants

with high glycine activity was optimized. Based on the screening results, GO H244K was

identified as an enzyme with high potential for biosensor development and glycine detection.

GO H244K biosensors were characterized and compared against GO WT biosensors and

demonstrate excellent glycine detection properties. GO H244K biosensors were also applied

in real sample analysis by measuring real-time glycine release from HEK293 cells as well as

astrocytes.



Chapter 1

Introduction: An Overview of Microelectrode Develop-

ment and Bioelectrochemistry Applications

3
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Chapter Preface

Chapter 1 introduces the theory, experimental design, and existing literature on microelec-

trode (ME) development and application. Chapter 1 consists of three sections:

• The first section introduces the theory behind ME measurements and analytical quantifi-

cation of analytes. The fundamental equations that link concepts to experimentally

measurable quantities are presented.

• The second section ties in the theory with application by introducing an experimental

design guide for planning and executing experiments using ME.

• The third section presents recent literature examples where MEs were applied for biological

analyte detection.

Portions of the work presented in Chapter 1 have been adapted from: Moussa, S.; Mauze-

roll, J. Microelectrodes: An Overview of Probe Development and Bioelectrochemistry Ap-

plications from 2013 to 2018. Journal of the Electrochemical Society 2019, 166(6), G25-G38.
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1.1 Introduction to Microelectrodes

MEs are small scale electrodes with a critical parameter of at least one dimension being on

the micron scale and are used for electroanalytical detection. They were first introduced by

William Hyde Wollaston in 18011, and employed as early as the 1900s to measure the release

of dopamine.2 ME development has led to exciting research in the electrochemical detection of

molecules across confined spaces such as isolated bio-membrane and cells.3 Smaller electrodes

allow for localized recordings of concentration profiles as well as of analytes of interest. MEs

have found application in a wide variety of research areas including biology4–12, corrosion13,14,

energy14,15, kinetics14, instrumental development9,16, and surface modification17,18 due to

their small size, high sensitivity, fast steady-state response, low double-layer charging current

and minimal ohmic loss.19 Advantages of MEs include reduced ohmic resistance (iR) due to

low faradaic currents (≤ nA), higher current densities and improved signal-to-noise ratios.2,9

Chapter 1 presents a summary of the theory and experimental parameters used for bio-

electrochemistry applications of MEs. A review of select ME bio-analytical applications from

2013 to 2018 is also discussed along with a discussion on future research directions with MEs.

1.1.1 Theory of Microelectrodes

Consider a solution in which an electrode reaction (Equation 1.1) involving charge transfer

between the electrode and an electroactive species occurs, such as the reactions listed in

Table 1.3:



1.1. Introduction to Microelectrodes 6

R
kred⇀↽
kox

O + e− (1.1)

Where kox is rate of reaction for the oxidation of species R and kred is rate of reaction

for the reduction of species O, also known as the reverse of the oxidation reaction rate.

Application of a potential to the electrode tip such that a reaction may now occur at the

electrode surface (Equation 1.1) results in a time-dependent concentration gradient of species

R at a certain distance from the electrode surface towards the solution bulk (Figure 1.1).

Figure 1.1: Schematic of the time-dependent concentration gradient that occurs with elec-
trode presence in a solution under application of a potential. A) No concentration gradient
is present the solution at t=0, only species R is present at the bulk and of the electrode
surface B) i) In a few seconds following the application of a potential,the concentration of R
changes as it is consumed and converted into O. Mass transport of R from the bulk towards
the electrode surface where electrons are transferred as part of the oxidation process. O is
formed and diffuses away from the surface of the electrode towards the bulk. As a result of
this process a diffusion layer, with thickness δ, forms. ii) At the beginning of the oxidation
process, where t = t1 the diffusion layer begins to form. iii) After a time, where t = t2, the
thickness of the diffusion layer grows.
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The transport of species R towards the electrode surface is governed by diffusion, migra-

tion and convection as given by the electrode geometry independent, Nernst-Plank equation

(Equation 1.2) :

JR(x, t) = −DR∆CR(x, t) − zRFDR

RT
CR(x, t)∆φ+ vCR(x, t) (1.2)

Where JR is the time and location dependent mass transfer flux, DR the diffusion co-

efficient, F is Faraday’s constant, R is the universal gas constant, T is the temperature,

CR the concentration, zR the charge of species R, v is the solution velocity, and ∆φ is the

electrostatic potential difference between two points.

Equation 1.2 can be simplified in many cases depending on the experimental setup. For

instance, in diffusion limited systems where no external mixing occurs, the convection term

[vCR(x, t)] is neglected. In presence of high electrolyte concentrations, the migration term

[ zRFDR

RT
CR(x, t)∆φ] is also considered negligible due to an electric potential gradient of ap-

proximately zero. In the more specific case of one-dimensional linear diffusion, under exper-

imental conditions with no convection and migration, the Nernst-Planck equation simplifies

to Fick’s First Law of Diffusion20:

JR(x, t) = −DR∆CR(x, t) (1.3)

Equation 1.3 states that the mass transfer flux is proportional to the concentration gradi-
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ent that develops from electrochemical reactions at the electrode surface, causing diffusional

flux of reactants, R, towards the electrode surface. By relating Fick’s laws of diffusion20

to electrochemical measurements, it is possible to extract the relationship between reactant

flux, JR, at the electrode surface and the net current, inet, measured at the electrode surface:

∑
R

zRJR = inet
nelectronsFA

(1.4)

Where inet is the total current measured at the tip of a ME, A is the ME cross-sectional

area that is dictated by the ME geometry, nelectron is the number of electrons involved in the

reaction.

The net current measured at the electrode surface is a contribution of both oxidation and

reduction processes at the electrode:

inet = iox − ired (1.5)

Where iox is the current associated with the oxidation reaction and ired is the current

associated with the reduction reaction

Macroscopic Electron Transfer Kinetics

The current measured at the electrode surface is dependent upon many parameters, one of

which is the kinetics of electron transfer. For instance, the oxidation current depends on the
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kinetics of oxidation of species R:

iox = koxCR(0, t)nelectronsFA (1.6)

Where CR(0, t) is the concentration of species R at the electrode surface at time, t.

Similarly, for a reduction reaction:

ired = kredCO(0, t)nelectronsFA (1.7)

Where CO(0, t) is the concentration of species O at the electrode surface at time, t.

The net overall electrochemical reaction with both oxidation and reduction reactions

occurring simultaneously can be expressed in terms of oxidation and reduction reaction

rates:

inet = ired − iox = nelectronFA[koxCR(0, t) − kredCO(0, t)] (1.8)

The potential of an electrode impacts the kinetics of a reaction occurring at the electrode

surface. In the case where the electrode interface is at equilibrium with the solution, the

forward and backward reactions have the same rate constants, making Equation 1.6 and

Equation 1.7 representative of the oxidation and reduction currents. In cases where the
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electrode potential is not at equilibrium, such that a potential is applied at the electrode

surface, the reaction rates, kox and kred, no longer have equal rates and can be expressed as a

function of E, the electrode potential, and k0, the standard rate constant. For the oxidation

reaction:

kox = k
[1−αf(E−E0′ )]
0 (1.9)

Where α is the mass transfer coefficient, E is the electrode potential, E0′ is the formal

electrode potential and f is the product of nRT/F.

Similarly, the reduction reaction:

kred = k
[−αf(E−E0′ )]
0 (1.10)

The complete current-potential characteristics can now be expressed as:

i = FAk0[CO(0, t)[−αf(E−E0)] − CR(0, t)[(1−α)f(E−E0′ ])] (1.11)

Equation 1.11 is also known as the equation for Butler-Volmer kinetics. Butler-Volmer ki-

netics for electron transfer are important in studying electrochemical redox reactions, specif-

ically in conditions where the electron transfer rate at the interface is rate-determining. In
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the case of electrochemical biosensors, however, steady state currents are typically correlated

to the analyte concentrations. As such, as long as the potentials are high enough to oxidize

or reduce the electron transfer kinetics are not important enough to be a significant consid-

eration. One exception is the need to consider electron transfer kinetics for electrochemical

biosensors in simulations of reactions as is the case in Chapter 2.

Marcus Theory for Microscopic Electron Transfer

While Butler-Volmer kinetics explain macroscopic electron transfer for electrode reactions,

microscopic theories are important to describe the relationship between a biomolecule and

the electrode. Originally developed by Ruldolph Marcus, Marcus theory explains the rates of

electron transfer reactions. For a one electron transfer reaction, the donor molecule donates

the electron and the acceptor accepts the electron (Equation 1.12).

Donor + Acceptor⇀↽Donor+ + Acceptor− (1.12)

This process is dependent on overcoming the energy barrier for the reaction to occur

(∆Go) which dictates the rate of electron transfer, kET . Marcus theory states that the

calculation of kET requires the knowledge of ∆G+, which is the free energy difference between

the activated donor complex and the precursor acceptor complex. For electron transfer

to occur in the first place, such that a redox reaction is favorable, the Fermi level of the

electrode must not be at equilibrium. Moreover, a potential large enough to enable electron

++
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transfer must be applied to overcome the energy barrier and form the transition state complex

(Figure 1.2).

Figure 1.2: Theory behind electron transfer between the electrode and the electroactive
molecule. A) Marcus energy model for electron transfer between the donor electroactive
molecule (i.e. redox mediator or enzyme) and the acceptor (electrode). The rate of electron
transfer is dependent on the free energy required for the electron transfer to occur. B) To
overcome the energy barrier for electron transfer, the Fermi level of the electrode must be
lowered (for an oxidation reaction).

1.1.2 Electron Transfer Nature to the ME Surface

While the rate of electron transfer does not need to be strictly considered in electrochemical

biosensor design, understanding the nature of electron transfer between an electrode and

a biomolecule is important for rational biosensor design. Effective electronic coupling be-

tween a biomolecule and an electrode occurs through one of the three possible mechanisms.

Electron transfer may be achieved indirectly through an electroactive intermediate, which

is the substrate or product of the biomolecule based reaction (1st generation biosensors,

Figure 1.3Ai) and through artificially mediated electron transfer (MET) by introducing elec-
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troactive mediators (2nd generation “single-use” biosensors, Figure 1.3Aii) or directly through

direct electron transfer (DET) between the biomolecule’s active site and the electrode surface

(3rd generation biosensors, Figure 1.3B).

Figure 1.3: Electron transfer mechanisms between a biomolecule and the ME surface.

The electrode and the electroactive molecule can be considered as an electron-donor

pair and as such, Marcus theory can be used to describe the electron transfer rate between

them.20 For enzyme mediated reactions (1st and 2nd generation biosensors), the electron

transfer distance between the enzyme and the electrode is rather long (> 14 Å) preventing

direct electron transfer from occurring.21

Microelectrode Geometries

An essential component to understanding electrode measurements is an analysis of the elec-

trode geometry and the way in which the electrode geometry impacts the diffusion pro-

file. Various ME geometries have been developed including but not limited to disk22–26

(Figure 1.4A), cylindrical27 (Figure 1.4B), hemispherical28–30 (Figure 1.4C), beveled31 (Fig-

ure 1.4D), and band32 (Figure 1.4E). Parameters such as recession/protrusion, bluntness,

aspect ratio, insulation angle, off-center positioning of the metal wire, uneven insulation, and
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cracks may strongly influence MEs of certain geometries.18 Due to their ease of fabrication,

maintenance, as well as the simple analytical expressions describing their electrochemical

behavior, disk-shaped MEs are the most commonly used ME geometry.33,34 Disk ME designs

consist of an electroactive material surrounded by a concentric coplanar insulating layer.35

Figure 1.4: Common ME shapes: A) disk B) cylinder C) hemisphere D) bevel E) band

Disk-Shaped Specific Microelectrode Theory

Two electrode properties affect the diffusion profile of reactants towards the electrode sur-

face: 1) the electrode size and 2) the electrode geometry. While for macroelectrodes planar

diffusion dominates, the behavior of MEs is governed by the presence of radial diffusion fields

Figure 1.5.

Figure 1.5: Schematic of the diffusion profiles for both micro (left) and macro(right) elec-
trodes.
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The Cottrell equation is a well studied equation used in diffusion controlled experiments

to describe the change in current over time measured at a polarized electrode. This equation

has been modified for MEs that reach a diffusion-dependent steady state response, and the

steady-state limiting current is given by36:

Iss = knelectronsFDRC
∗
Raβ (1.13)

Where k is a shape related geometric constant (disk, k = 4), C∗
R is the bulk concentration

of dissolved redox species, a is the electroactive surface radius, and β is a tabulated factor

dependent on the Rg of the ME.36,37 The Rg, defined as the ratio between the radius of the

insulating sheath (rME) and the radius of the electroactive surface critical geometric param-

eter affecting the overall ME quality. Smaller Rg values are preferred in bioelectrochemical

experiments, especially in imaging due to increased spatial resolution and reduced diffusion

induced interferences.35 Moreover, MEs reach steady state currents at shorter timescales, t,

due to the diffusion dependent diffusion layer thickness δ36:

δ =
√
πDRt (1.14)

For MEs where the geometry is not disk shaped, the timescale of the applied potential is

short, or the size is not on the micron scale, the diffusion profile varies and it may be difficult

to derive analytical expressions for the limiting current, as is in the case of nanowires, which
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have 3D geometries.2 Simulations by O’Riordan and coworkers demonstrate the differences

that may result in the diffusion profiles from varying the electrode size and geometry.36,38

1.2 Experimental Design with Microelectrodes

MEs are especially useful in the detection of biomolecules. Biomolecules often have limited

lifespans and are present at low concentrations in complex media, making them difficult to

detect. The ability to probe biomolecules using MEs is tied to the ME selectivity, stability

and biocompatibility. Often, MEs are used as the backbone of more complex sensor designs

which enable detection of the desired biomolecule. To optimize the performance of ME-

based sensors, the ME material, size, Rg value, as well as type of surface pretreatment and

modification must be carefully chosen. It is imperative that ME design be compatible with

both the applied electrochemical methodology and experimental conditions (i.e. electrolyte

concentration, temperature and pH.39 A comprehensive summary of reported ME-based

sensors is listed in Table 1.1.
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Table 1.1: List of microelectrode-based sensors from 2013-2018 and their applications.

Analyte Physiological role ME Material* ME Size (um) Geometry*
Array?
(Y/N)

Pretreated?
(Y/N)

Surface Modif?*
(Y/N) Ref.

Acetylcholine
Cholinergic receptor
function regulation C 30 Cy N Y N 39

Adenosine Cellular energy transfer NM 50x150 B Y N Y(Ch,B) 31

Ascorbate Neuromodulator C 5-7 Cy N Y Y(Ch),N 40,41

Bacteria
Diseases and food

intoxication C, NM, O
2-3, 8-25,

3350 x 100 D, B, O Y, N N Y(Ch),N 27,42–48

Catalase
Oxidative damage

cell protection C 10 D N N N 49

Cells
Building block of

all organisms C,NM,O 2-4,10-60 D, Be, O Y, N Y, N Y(Ch),N 50–56

Cholesterol Basal activity regulation C, NM 1,10-50 R, D N N Y(Ch,B) 57–59

DNA Hereditary material C,NM ≤ 0.15, 7-50 Cy, D N Y, N Y(Ch),N 22,60–62

Dopamine Neurotransmitter C, M 7-33 Cy, D N Y, N Y(Ch,B) 63,64

D-serine Gliotransmitter NM 25 D N N Y(Ch,B) 65,66

Estradiol Reproductive function NM 50 Cy N N Y(Ch) 67

Ex-vivo
tissue slices Composition of organs C, O, NM 25.5 x 20.4, 30 O Y N Y(Ch),N 68,69

Glucose Metabolism C,NM 7,10,25, 33 Cy, D N N Y(Ch,B) 65,70–72

Glutamate Neurotransmitter NM 20-50 D Y, N N Y(Ch,b) 65,73–75

Hydrazine Nervous system toxin NM, O 10 D N N Y(Ch) 28,29

Hydrogen
Peroxide

Redox signaling and
oxidative stress NM 10-100 Cy, D Y, N Y, N Y(Ch,B),N 39,76–79

Insulin Blood sugar regulation C 7 Cy N Y Y(Ch) 80

Lactate Energy production NM 10,50 D N N Y(Ch,B) 72,79

MicroRNA
RNA silencing and

gene expression NM, O 25 D N Y N 81

Mitochondria Energy production NM 20 D Y N Y(Ch) 78

Neural
cell culture Signal transmission C, NM, M 10-50 B, O Y N Y(Ch),N 82–87

Oxygen Metabolism C, NM 8-50 Cy,D N Y, N Y(Ch,N) 88,89

RONS
Neurotransmitters,

Oxidative stress C, NM 1.54,5-50,90 D, Be Y, N N Y(Ch) 90–96

Tumor
necrosis factor Inflammatory cells marker NM 5 x 3200 B,Cy Y,N N N 97

Viruses Viral diseases C, NM 1, 7-33 D,Cy Y, N N Y(Ch) 25,98–100

*C=carbon, NM=noble metals,O=not noble metals,semiconductors,mercury;R=ring,D=disk,

Cy=cylindrical, Be=beveled, B=band, O=other, Ch=chemical, B=biomolecular
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1.2.1 Microelectrode Materials

Asides from the geometry, choosing the most appropriate ME material is dependent on the

bioanalyte of interest as well as the intrinsic properties of the available ME materials.101

Factors such as cost, conductivity, ease of ME fabrication, surface area, biocompatibility,

and material potential window play a significant role in material selection as shown in Ta-

ble 1.2.25,102

Table 1.2: List of Advantages and Disadvantages for Common Microelectrode Materials.

Material Advantages Drawbacks

Noble Metals

Stable in air and aqueous solvents,
high conductivities, high surface areas

(nanoparticles), electrocatalytic, biocompatible, malleable
Expensive, Formation

of oxide layer

Carbon Materials (excluding graphene)
Biocompatible, low cost, chemically stable,
biofouling resistant, mechanically robust

Low conductivity
(0.01 S·cm-1- 103 S·cm-1)

Non-noble Metals and
Semiconductors

Antimicrobial, fast electron transfer abilities,
high surface areas (∼100-500 g.m2) Diamond-based materials are expensive

Noble metals. Due to their corrosion resistance, stability in air and electrical conductivity

(∼ 105S · cm−1), noble metals have been used as electrode materials since the inception of

MEs. Gold (Au), platinum (Pt) and silver (Ag) have been studied and used extensively.25

Approximately 60% of the publications surveyed in 2013–2018 have relied on metal-based

MEs as opposed to other materials due to their chemical stability and ease of surface func-

tionalization.103

Carbon materials. Carbon materials are the second most used ME material in the

2013–2018 period. They exhibit favorable features such as structural polymorphism, which is
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useful for tailoring sensor electrochemical properties, high chemical stability, low cost, wide

potential windows, relatively inert electrochemistry, rich surface chemistry and electrocat-

alytic activities for a variety of redox reactions. Carbon materials are often biocompatible,

a prerequisite for in vivo bio-electroanalytical measurements.

Graphene. Graphene is a two-dimensional carbon-based nanomaterial.104 Graphene-

based MEs21,84 take advantage of graphene’s remarkably large surface areas (> 2000m2g−1),

resulting in enhanced adsorptive capabilities and electric conductivity.105,106 These proper-

ties lead to sensors having lower limits of detection, higher sensitivities and the capability of

direct electron transfer. In the 2013–2018 period, graphene-based ME sensors have been used

for the detection of DNA, protein and pathogens as well as in the design of cell nanodevices

and for neural electrodes (Table 1.1).106

Carbon nanotubes (CNTs). The unique electric, thermal, optical mechanical and bio-

compatibility properties associated with CNTs make them excellent materials for biomedical

applications.105 In fact, CNT-based MEs have found use in bioanalyte detection such as

viruses, DNA, antigens and disease markers.107 Surface modifications of carbon MEs using

CNTs have also been applied in neurotransmitter (NT) detection as they are less susceptible

to biofouling.108 In a review by Grumezescu and co-workers, the properties of CNTs and

their biomedical applications are thoroughly discussed.10

Diamond. Boron-doped diamond (BDD) presents metal-like conductivities whilst retain-

ing the chemical stability, hardness and biocompatibility inherent to diamond and desired

during bioelectroanalysis. BDD has a much larger potential window (-1.2 V to 2.5 V vs. 0.1

M Ag/AgCl) compared to other materials (i.e. Pt: -1.0 V to 0.96 V vs. 0.1 M Ag/AgCl).9
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This is due to high oxygen and hydrogen evolution overpotentials in aqueous media, mainly

attributed to the lack of surface sites for intermediate species adsorption.9 The electrochem-

ical properties of BDD electrodes can be tuned by changing the level and type of dopant

and surface termination.105 BDD modified MEs are fabricated using techniques similar9 andf

have been used for both in vivo and in vitro neural studies from 2013-2018.109–113

1.2.2 Microelectrode Surface Modifications

Surface modification of MEs is required to clean39,62,95, activate42,114 , chemically mod-

ify87,115,116, alter the aspect/ratio117,118, block interferences66,119, or immobilize biomolecules.80,120

These techniques may either be manual or electrochemical. For example, removal of the sur-

face oxide layer from platinum electrodes be may achieved through manual polishing with

alumina powder or electrochemical cycling in sulfuric acid. Manual techniques such as dip-

coating and drop-casting are simple and are commonly used for ME-based sensor fabrication.

Nonetheless, there is a tradeoff between simplicity and reproducibility for these sur-

face modification techniques.121,122 Some commonly used materials for ME surface modi-

fications over 2013–2018 include Pt black (PtBK)79,83,91, polymers123, carbon nanoubes81,

polelectrolytes124, Nafion125, Prussian blue80,126, chitosan75, enzymes60,127,128, aptamers129,

self- monolayers (i.e cystamines)10, nucleic acids130, collagen56 and nanoparticles65,131,132.

Though each of these materials has their use, we will focus on enzyme modified MEs in the

remainder of this chapter given their prominent applications in live cell and neuronal studies.

In this thesis, enzyme-modified MEs are defined as biosensors. Although other biorecog-

nition elements have been used for biosensor construction, enzymes are the oldest since
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their first reported use by Clark and Lyons in 1962133 and remain the most commonly used.

Electrochemical biosensors are used to address electrochemical challenges in selectivity and

non-electroactive species detection.

The focus of the reviewed biosensor research has been mainly on their bioanalytical

applications, yet several studies have explored biosensor design strategies. The motivation

for these studies was biosensor performance evaluation and enhancement.71–73,134 The most

investigated aspect of biosensor design is the process of enzyme immobilization onto the ME-

backbone. This is because the fabrication procedure may significantly impact the biosensor

performance126,135 This step is designed to maximize the active enzyme loading onto the ME

backbone without significantly affecting the enzyme activity and selectivity.

Common enzyme loading and stabilization methods include entrapment within a matrix72

(Figure 1.6A) or behind an analyte permeable membrane (Figure 1.6B) covering the ME sur-

face23 (i.e. polyvinyl alcohol, poly-acetonitrile, agar gel, redox hydrogels) and covalent bind-

ing on a bare73 or surface functionalized ME using non-specific binders135 (Figure 1.6Ci/Cii),

bifunctional groups63 (Figure 1.6Ciii) bio-specific interactions68 (i.e. antibody-analyte) (Fig-

ure 1.6Civ).

For stable and reproducible biosensors, covalent attachment within a crosslinked matrix

is the most commonly used immobilization technique. The enzyme is usually dissolved in

bovine serum albumen (BSA) prior to deposition and crosslinking.136 Glutaraldehyde, a

nonspecific binder with an amine condensing-carbonyl group, is the conventional crosslinker

in biosensor design. Studies suggest that using alternatives such as poly(ethylene glycol)

(PEG) may actually yield better performing biosensors due to the spacer arm length, which
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Figure 1.6: Enzyme Loading Strategies.

affect the enzyme conformational behavior and mobility, as well as the reactive side chain

differences, which may distort the enzyme active site.71 In fact, it has been shown that

glutaraldehyde immobilization is comparatively harsh and modifies the enzyme selectivity

toward the substrate of interest.71,74

Most biosensor architectures detect H2O2 produced through an oxidoreductase enzymatic

reaction with the substrate of interest. Application of high potentials (+400 to +700 mV

vs Ag/AgCl) will oxidize the H2O2 present at the surface of the electrode, resulting in

indirect electron transfer.137 Common substrates detected using biosensors are glutamate,

acetylcholine, choline and adenosine.108 As many other biomolecules are also oxidized in

same potential region as H2O2, the sensors must be designed to maximize H2O2 selectivity

over other interferences. For the electrochemical reactions associated with the detection of

various bioanalytes using MEs and biosensors, refer to Table 1.3.
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Table 1.3: Electrochemical reactions associated with amperometric bioanalyte detection.

Bioanalyte(s) Redox Mediator Redox Reaction
Eapp

(V vs Ag/AgCl) References

Glutamate, D-serine,
Lactate, Glucose,

Adenosine, Ascorbate
Hydrogen
Peroxide H2O2 → O2 + 2H+ + 2e−

0,0.005,0.30,
0.45,0.50,
0.60,0.70

31,40,41,64,65
72,74,78,138,139

Dopamine Direct
Dopamine →2e− + 2H+ +

Dopaminoquinone 0.185 129

Oxygen, catalase Oxygen O2 + 2H+ + 4e−→ 2H2O -0.20 49,88

Nitric Oxide Direct
NO• + O2 + 2H2O

→ 4NO−
2 + 4H+ 0.80 92,93,95

Peroxynitrite Direct ONOO- → ONOO• + e− -0.10 92

Catalase Direct
Heme[Fe (III)] →

Heme[Fe (IV)] + e− -0.13 49

Another challenge with biosensor use is biocompatibility and in turn, lifetime. Biocom-

patible films used for biosensor may delaminate or lose their structural integrity over time.

During the first few hours of use, proteins or biomolecules may adsorb onto the surface of

the biosensor, resulting in reduced detection sensitivity. The maximum lifetime of biosen-

sors from literature surveyed in recent years is limited to a few days.73 To improve both the
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biosensor selectivity and working lifetime, protective barriers such as an outer membrane

to prevent large molecule interferences and/or diffusional outer barriers of thin membranes

to control the diffusion toward the enzyme increasing the enzyme stability may be applied.

Examples of outer layer materials include collagen, polycarbonates, cellulose or conduc-

tive polymers.136 Nafion and polyurethane can also be drop-casted on the surface as outer

diffusion-limiting membranes.115

1.2.3 Microelectrode Arrays (MEAs)

Compared to individual MEs, MEAs present certain advantages over MEs as they gener-

ate greater faradaic responses (≥ nA) while maintaining their high spatiotemporal resolu-

tion.97,108,115 For instance, MEAs have been developed for spatially resolved studies of single

cell exocytosis.52 Moreover, MEAs offer multiplexing capabilities useful in probing the be-

havior of large cell populations, particularly neural networks.138,139

State-of-the-art fabrication techniques such as photolithography52,140, thin film deposi-

tion52,141, and reactive ion etching93,141 have made the development and application of these

reproducible arrays conceivable. Since the first report on MEA use for cell studies by Thomas

and coworkers in 1972142, developments in surface and bulk micromachining methods have

made possible ME standardization and downsizing with well-defined sizes and spacings. This

has addressed accuracy and reproducibility concerns commonly encountered with single ME

use.142 While the first MEA sensor was glass-based, recent and more common MEA sensors

are silicon-based.103,143 Typically, microfabrication tools are used to sputter metal layers

onto a silicon wafer with a thermally grown layer of silica (SiO2). These arrays can then
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be surface treated for enhanced applications. TiN, PtBK and conductive polymers such as

polypyrrole (PPy) are some of the most commonly used materials for surface modification of

MEAs.144 Details on the fabrication processes can be found elsewhere in literature.142 Most

MEAs are developed for in vitro, in vivo and ex vivo neuroscientific research and for clinical

diagnosis of bacteria and virus presence Table (Table 1.1).145

1.2.4 Electrochemical Methods.

A typical bio-electrochemical experiment uses standard electrochemical cells.65 Figure 1.7

presents a visual representation of the distribution of methods applied in literature from the

2013–2018 period.

Figure 1.7: Distribution of the electrochemical techniques used over 2013–2018. (CV =
cyclic voltammetry, FSCV = fast-scan cyclic voltammetry, EIS = electrochemical impedance
spectroscopy, SCNEC = stochastic collision nanoelectrochemistry, SECM = scanning elec-
trochemical microscopy)
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Voltammetry

Of the applied voltammetry-based techniques, cyclic voltammetry (CV) and fast scan cyclic

voltammetry (FSCV) are the most commonly used for bioelectroanalysis. Other techniques

include square wave voltammetry (SWV) and double pulse potential voltmmetry (DPV).20

Cyclic Voltammetry. Cyclic voltammetry is used in 40% of ME-based measurements

reviewed between 2013–2018 where it was the standard method for electrochemical char-

acterization of ME performance.24,146–148 On the other hand, it is rarely used for chemical

analysis in complex media to due the limited chemical resolution it offers.

Fast Scan Cyclic Voltammetry. FSCV is one of the most common methods for sub-second

transient measurements of electroactive neurotransmitter concentration changes, used in 20%

of the surveyed literature.119 Carbon-fiber microelectrodes (CFMEs) are the electrodes of

choice for this technique, especially since they are biocompatible and are more resistant to

biofouling than metal electrodes.6 FSCV is a technique comparable to CV but uses rapid

cyclic potential sweeps (>100 Vs−1) to separate and quantify electroactive analytes with

varying but similar current-potential characteristics. Each sweep can take less than 10 mil-

liseconds.5 The CVs produced serve as “fingerprints” for compound identification to ensure

chemical selectivity.108 Rapid scanning allows in situ detection of electroactive chemical fluc-

tuations while simultaneously producing large background currents due to the charging of

the electric double layer. As a result, background current subtraction post-experimentation

is required. Calibration curves are used for peak currents to be converted into concentration

values.108
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Amperometry

Another common technique, applied in 70% of recent literature, amperometry relies on the

measurement of a current resulting from the application of a constant potential large enough

to oxidize or reduce a molecule of interest.136 Due to continuous sampling and a sampling

frequency limited only by the data acquisition system and the current amplifier filter, a much

higher temporal resolution is obtained with amperometry than with other techniques. As

such amperometry is the method of choice to study biochemical events occurring on short

timescales.5 Challenges in interferences from electroactive molecules in samples are addressed

through ME surface modifications for analyte selectivity.6

Electrochemical Impedance Spectroscopy (EIS)

EIS is a technique that relies on resistance measurements under the application of a varying

voltage or frequency (10−3 to 105 Hz).3,6 EIS was employed in 33% of the reviewed literature.

It was typically used for cell culture studies where arrays of microelectrodes are constructed

beneath the cell attachment platform and an alternating current is applied between the

electrodes while the potential is monitored.144,149–151 If no cells are on the surface, then the

current flows freely. The presence of cell growth on the electrodes results in an impeded

current flow, and thus the increase in the system resistance can be measured. Changes in

cell behavior, causing growth disturbances will result in measurable impedance changes.152
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Stochastic Collision Nanoelectrochemistry (SCNEC)

SCNEC has been applied in numerous studies that work toward probing single molecules.

This stems from the desire to obtain molecular information such as molecular heterogeneities

in fundamental studies as well as the drive for the development of very low concentration

assays.137,152 Recent years have seen numerous publications of SCENC bio-applications152,

comprising about 8% of the literature on ME bioapplications from 2013–2018. In a typical

SCNEC system, the ME surface hosts the electrochemical reaction while various types of

nanoparticles (NPs) collide with it, producing a sharp current change. Typically, the ME is

immersed in a dilute solution of NPs and amperometry is used to drive the detection of NP

stochastic collisions at the ME surface. Assuming steady state diffusion-limited flux of the

NPs, the collision frequency is given by:

fNP = 4DnpCnpaNA (1.15)

Where fNP is the collision frequency, DNP is the bulk diffusion coefficient of the NP,

CNP is the NP concentration, a is the radius of the UME, and NA is Avogadro’s number. As

NP electrochemical behavior mainly depends on their composition, diameter and geometry,

their selection is an important consideration in designing SCNEC experiments.

There are three main approaches to SCNEC-based experiments (Figure 1.8)152:

1. Blockage: An inert NP collides with the ME surface and blocks it, resulting in a step

decrease in the current.
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Figure 1.8: Typical SCNEC modes a) insulating particle blockage b) nanoparticle electro-
catalysis c) nanoparticle coulometry. Reprinted with permission from Ref. 166. Copyright
Wiley 2017.

2. Electrocatalysis: Catalytically active NPs collide with the ME surface, resulting in a

step increase in the current.

3. Coulometry: Direct NP electrolysis occurs when a constant potential to oxidize or

reduce the NP is applied at the ME surface. The NP size distribution can be obtained

from the integrated charge of the current spikes.

Scanning Electrochemical Microscopy (SECM)

SECM is a scanning electroanalytical ME-based measurement technique applied in 10% of

the review literature. SECM relies on scanning a ME across the surface of sample immersed

in electrolyte. The signal recorded at the ME is influenced by the sample topography and

reactivity as well as the distance between the ME and the sample surface.153 In essence,

SECM is used for high spatiotemporal resolution (submicron, millisecond) material flux

quantification from surfaces.6,18
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1.3 Bioanalytical Applications

In the 2013–2018 period reviewed, there have been significant developments in ME design and

optimization for biological applications. Some examples include sensor miniaturization65,73,

the development of novel fabrication strategies64,77 and surface modification enhancements

for sensitivity and selectivity.73,81 While 40% of the published literature has been aimed at in

vivo neurotransmitter detection on model systems, the remaining literature focuses on ME

modification for clinical sample applications and molecular biology studies. In the following

sections, the various bio-applications of MEs from 2013 to 2018 will be discussed with an

emphasis on their applications in probing dissolved and adhered bioanalytes as well as in

bioanalyte collisions Figure 1.9. Table 1.4 lists examples of the bioanalytes and their classes

discussed in this text.
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Table 1.4: Examples of Bioanalytes and Their Classes Studied with Microelectrodes from
2013–2018.

Bioanalyte Class Bioanalyte Examples

Cells
HeLa154, Neurons55,60,83–85,87,118,139, PC1252,141,

Cardiomyocytes54,90, Chromaffin41,154, Mast57, MFC-777

Cell Metabolites Lactate73,155, Glucose65,73

Nucleic Acids DNA23,63,154 , RNA82, Aptamers120,131

Bacteria
Gram negative (Escherichia coli)44,45,156,

Gram positive (Staphylococcus epidermis)44,49

Enzymes Glucose Oxidase65,73 , Cholesterol oxidase58,157

Neurochemicals Dopamine64,65, Acetylcholine40,70

Viruses Murine Cytomegalovirus (MCMV)26,158
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Figure 1.9: Schematic of the bio-analytical microelectrode applications.

Detection of Dissolved Bioanalytes

In Vivo Neurochemicals. For the past century, researchers have been relying on the use of

MEs for both in vitro and in vivo detection of neurotransmitters. Typically, FSCV in com-

bination with 7–10 µm CFMEs, are used for these experiments, given the many advantages

of using carbon as an electrode material such as the ability to alter the CF electrochemical

properties.5,159
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Dopamine. Abnormal dopamine (DA) levels have been associated with neurological dys-

function, making DA an important biomarker for disease related mechanistic studies.160 In

recent literature, MEs have been applied for dopamine quantification in anesthetized rats64,

new born fetal calf serum129, and Drosophila melanogaster (fruit flies).161 Modified carbon

surfaces have been used extensively for these experiments due to enhanced electrochemical

surface properties.24,64,105,107,159,162–164 CNT modifications are most common for DA detec-

tion due to their intrinsic cationic selectivity at physiological pH and biocompatibility.64,165

In fact, a study by Venton et al. on the performance of various CNT fiber ME structures

demonstrated structure-dependent bioelectrochemical responses.24 The authors concluded

that variations in the fabrication protocol can drastically affect the sensitivity, selectivity,

and the electrochemical response to FSCV frequency. In a separate publication, the same

group used CNT-Niobium (Nb) MEs for in vivo detection of pulse-stimulated dopamine re-

lease from male Sprague-Dawley anaesthetized rats. Using these MEs, they were able to

improve their limit of detection toward dopamine by two folds as compared to bare carbon

fibers to 11 ±1nM.64

Glutamate. Glutamate detecting biosensors have been mostly used for the detection of

concentration changes associated with the forebrain and cognitive and memory processes.136

Glutamate is present in neurons at intracellular concentrations of ≈ 10 mM.165 Extracellu-

lar concentrations are usually much lower and elevated concentrations are characteristic of

pathological states. Functionalized biosensors, rather than bare MEs, are typically used for

its detection. The biosensors are generally Pt based modified MEs with polymer and immo-

bilized glucose oxidase films.71,74,136 For instance, Monbouquette and coworkers developed
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an implantable Pt based-iridium oxide (IrOx) PPy GOx modified MEA with an integrated

Ag/AgCl reference electrode for glutamate detection.75

Nitric Oxide. Nitric oxide (NO•) is another important signaling molecule in living organ-

isms.95 It can exert beneficial or deleterious effects depending on the site, rate of production,

concentration and redox environment. Its reactivity and relatively short lifetime ( ∼ 1 s)

make NO• particularly challenging to detect in biological systems.166 CFMEs were used to

quantify NO• concentration changes upon exposure to NO• synthase-targeting pharmaco-

logical agents.31 The spatial distribution of NO• release in different parts of the zebrafish

intestine was also observed using these CFMEs. This work served as a unique approach for

real-time quantitative measurements of NO• modulation and investigation of RONS (reac-

tive oxygen/nitrogen species) biochemical pathways in vivo. NO• levels were also detected

in rat kidneys96 and breast cancer cell lines92.

Other Neurotransmitters. MEs have been employed to identify the presence of many

other neurochemicals including ascorbate41,42, oxygen (O2)90,142, acetylcholine (ACh)40,70,

and glucose65,71–73 For instance, Mao and co-workers developed a vertically aligned CNT-

CFME for in vivo monitoring ascorbate levels (Figure 1.10).122 To stimulate ascorbate release,

2.0 µL of 100 µM glutamate was infused into the brain. The group noticed an increase in

the current response compared to the artificial cerebrospinal fluid (aCSF) injection response,

demonstrating the utility of these sensors for in vivo measurements useful for physiological

and pathological investigations.

O2 fluctuations in vivo were measured using the same sensor with an added Nafion

coating and PtNP surface modifications for reduced surface fouling as well as increased
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Figure 1.10: Left: SEM images of (A) CF, (B) VACNT-CF, and the tips of VACNT-CF
(C) before and (D) after electrochemical treatment in 1.0 M NaOH. Right: Amperometric
responses for ascorbate recorded in vivo with VACNT-CF microelectrode during local mi-
croinfusion of 2.0 µL of 100 µM glutamate (curve 1), 2.0 µL of aCSF (curve 2), and 2.0 µL
of 100 µM glutamate containing AAox (40 units·mL−1) (curve 3), with 1.0 µL·min−1 into
rat striatum. The electrode was polarized at +0.05 V. Arrows represent the beginning of
the microinfusion. Reprinted with permission from Ref. 123. Copyright American Chemical
Society 2014.

surface area.89 The sensor was inserted into the rat hippocampus to record O2 levels. The

O2 level was shown to decrease very quickly during global ischemia, a condition associated

with inadequate blood supply to an organ, and then returned to baseline after reperfusion,

the restoration of blood flow to an organ (Figure 1.11).

Figure 1.11: Amperometric response for the hippocampus O2 recorded in anesthetized rats
during global ischemia/reperfusion. The electrode was polarized at -0.5 V vs Ag/AgCl
(aCSF) Top Right: SEM image of the Pt/VACNT-CF. Many densely packed Pt nanoparticles
homogeneously distributed on the surface of VACNTs are shown. Reprinted with permission
from Ref. 89. Copyright American Chemical Society 2014.
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Cans and coworkers developed a proof-of-concept amperometric biosensor for co-detection

of two neurotransmitters, glucose and dopamine using a CFME at the millisecond scale.65

The working principle behind the co-detection is the indirect, enzymatic detection of glucose

and the direct direction of dopamine. This sensor has not yet been applied in vivo.

CFMEs have also been used for the indirect detection of ACh levels in rats.40 Experi-

mental data suggest that in vivo signal modifications may represent modifications of ACh-

dependent processes in the striatum, a cluster of neurons which serve as a critical component

of the brain’s motor and reward systems. The methodology developed in this work presents

possibilities in the assessment of disease-modifying pharmacological treatments.

Cells and their Dissolved Molecules

MEs have been applied in single cell analysis for many different types of studies, most

of which involve monitoring the flux of dissolved molecules from cells such as cholesterol,

reactive oxygen/nitrogen species (RONS) and other small metabolites.

ROS Release from Cells. MEs are useful electroanalytical tools for detection of RONS

species formation such asH2O2 and NO•. Amatore’s group detected the production of RONS

by cells upon incubation with ferrocifen molecules in hopes of exploring a potential breast

cancer treatment.92 Induced depolarization stimulated RONS release for RONS detection and

quantification at the single-cell level using a platinized CFME positioned in close proximity

(∼ 5 µm).

Huang’s group also developed a hybrid nanoporous Au ME decorated with PtNPs for

H2O2 release detection from single cells.77 Phorbol myristate acetate (PMA) was added to the
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cells to stimulate cellular H2O2 release. The group also demonstrated the sensor capability

for H2O2 detection from multiple and single cells.

For RNS-specific release detection, MEs have been implemented in the simultaneous

sensing of NO• and peroxynitrite (ONOO−) release from cultured cells.94 MEAs with over

2400 single Au MEs were fabricated and used for amperometric release measurements.93 The

same research group also collaborated on the development of Au and Pt based superoxide

(O−
2 )and NO•-detecting cytochrome c-modified biosensors.

Cholesterol Efflux. Cholesterol is a tightly regulated major structural component of the

cell plasma membrane (PM). The plasma membrane consists of cholesterol with both high

and weak escape tendencies, also known as “inactive” and “active” cholesterol, respectively.

While the past few years have not seen much work for this application due to the extensive

exploration in earlier years167–169, a small number of recent publications have demonstrated

the application of cholesterol oxidase based biosensors for quantification of cholesterol efflux

from the PM.58,60,128

Burgess and coworkers developed a biosensor for indirect cholesterol efflux determination

from a single cell obtained from buccal ganglia from Aplysia californica (sea slug).60 Toward

clinical application, the same group demonstrated proof of concept biosensor-based exper-

iments as a diagnostic tool for cystic fibrosis.58 The measured cholesterol efflux rate from

the mucosae suggests that cholesterol is elevated in the inflamed airway tissue of humans

suffering from cystic fibrosis. Chen and coworkers used an alternative approach for measur-

ing cholesterol efflux.170 A hollow capillary with a Pt sputtered ring of 1 µm tip aperture

was filled with a solution of cholesterol oxidase and Triton-X 100 to permeabilize the cell
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membrane and measure a cholesterol efflux rate from the PM.

Other Metabolites. MEs have been broadly employed in monitoring the metabolic activ-

ity of cells and are finding further applications for single cell level metabolic activity mea-

surements. Of these, the most commonly studied substrates are glucose and lactate. Other

metabolites released from cultured cells include oxygen90, ascorbate171, and hormones.68,81,172

While glucose and lactate sensors have been around since the late 19th century173,174, re-

cent work has been oriented toward sensor optimizations with a focus on sensitivity and

spatiotemporal resolution. Rapino and coworkers performed a comparative study to demon-

strate sensor miniaturization for metabolite monitoring at the single cell level from MCF10A

cells (human breast epithelial cells).73 The authors conducted an extensive study on the pa-

rameters affecting biosensor for SECM studies on cells. They provide a decision matrix

offering insight on suitable biosensor fabrication protocols for desired biosensor performance

(Figure 1.12). Stralfor’s group also designed a biosensor for potentiometric probing of intra-

cellular glucose release from human adipocytes (fat cells).175

Figure 1.12: The Decision Matrix - a green cross means a positive score for the criteria
(thicker cross: very positive), yellow equal sign means comparable responses, and red line
means negative score for the criteria of the several investigated protocols. Reprinted with
permission from Ref. 73. Copyright American Chemical Society 2017.
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Tsuneda et al. measured the dissolved oxygen (DO) levels in cell culture media using

Clark type Pt-basedO2 permeable membrane coated MEs.90 The MEs were manipulated with

1 µm precision high resolution, real time detection of local DO cell consumption and spa-

tiotemporal distribution in culture media of confluent monolayers (CMs) from neonatal rat

cardiomyocytes (heart muscle cells) and human induced pluripotent stem cell (hiPSC)-CMs.

Their work demonstrated the ability to use MEs to measure local rather than global DO

concentration profiles to mimic in vivo heterogenous microenvironments. Cellular release of

bioanalytes was further explored through monitoring ascorbate exocytosis. Using pretreated

CFMEs for selective ascorbate detection, the accelerated ascorbate electrochemical oxidation

was achieved.41 The experimental results provided the first description of exocytosis kinetics

of endogenous ascorbate from single chromaffin cells (adrenal gland cells) using single cell

amperometry using single cell amperometry. The quantitative information on endogenous

ascorbate exocytosis obtained from this study is useful for understanding the physiological

and pathological transport kinetics mechanisms of ascorbate.

Electrochemical assays for hormone detection are a quick and straightforward method in

clinical diagnosis as compared to other time consuming and expensive current methods such

as chromatography176, immunoassays177 and spectrometry177, MEs have been used to mea-

sure insulin levels as a tool for diabetes mellitus diagnosis by Songmao’s group.81 Moreover,

an extensive review on sensors designed for cortisol detection in point of care applications can

be found in literature.172 Hoa and co-workers also developed an enzyme-linked immunosor-

bent assay (ELISA) ME to assay estradiol and serum estradiol presence.68
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Nucleic Acid Biosensors

Nucleic acid-based biosensors have only been around since the 1990s as compared to the con-

ventional electrochemical enzymatic biosensors, which were developed in the 1970s. Their

development spans over hundreds of published papers in the last five years and compre-

hensive discussions on these biosensors can be accessed in references.7,178,179 For the sake of

brevity, only select publications will be discussed but readers must keep in mind that there

is a plethora of remarkable published work on this topic.154,180–184 DNA sensors have great

potential in quick clinical diagnosis of genetic and pathogenic diseases as well as monitoring

of food safety. Various designs have been developed for DNA-based sensing, using various

electrode materials from carbon63 to noble metals.23,62 As a diagnostic tool, Josowicz and

co-workers developed a proof-of-concept label-free electrochemical methylated DNA detector

as opposed to the conventional metal-complex based DNA methylation detection approach

for prostate cancer diagnosis.62,185 Bedioui and coworkers studied the long range electron

transfer of their developed DNA biosensors.23 They were able to achieve mediated electron

transfer through Fe III/ Fe II redox process of intercalated mediators was used to rapidly

probe DNA hybridization in small volumes of 50 µL. DNA sensors based on CFMEs were

also developed ty Arikan et al. to detect DNA hybridization.63

Detection of Adhered Bioanalytes

Cells. Cells are commonly integrated on MEAs for their analysis. As a cancer model, MCF-

7 cells were deposited on the center of a collagen-modified MEA with 400 single sites by
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Matsue and co-workers.56 Cell adhesion blocks the electrochemical oxidation of potassium

ferrocyanide (K4[Fe(CN)6] · 3H2O) and ferrocene methanol (FcCH2OH), resulting in a

decreased oxidation signal at the sensors in a cell-dependent manner. Another collagen

adhesion dependent MEA sensor was developed by Ewing and coworkers for spatiotemporally

resolved amperometric detection of neurotransmitter release across a single PC-12 cell.52 The

authors developed a micro-well-based MEA consisting of 36 2-µm-width square MEs. The

MEA was used to image the spatial distribution of exocytosis at the cell surface. Signals were

successfully recorded from eight independent 2 µm-wide MEs from a single cell, showing the

MEA capability to probe subcellular heterogeneity, a feature which is inherent to exocytosis

(Figure 1.13).

Figure 1.13: Left to Right: Micrograph of the setup, showing the 36-electrode array partially
covered by a single PC12 cell (scale bar: 10 µm); Expanded view of the electrode array
showing a single cell identified in a red dotted circle and the labeling of the electrodes (scale
bar: 10 µm); Representative amperometric traces of exocytotic release from a PC12 cell
recorded at 8 electrodes for 25 s stimulations of the cell. Reprinted with permission from
Ref. 51. Copyright American Chemical Society 2014.

Pancrazio and co-workers used neuronal cultures grown on a poly-D-lysine coated 60-

ME planar MEAs with diameters of 10–30 µm to assay the neurotoxicity of amyloid-β
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1–42 (Aβ42).86 Aβ42 is a bioanalyte implicated in Alzheimer’s disease. Cultured neurons

characteristically form dense networks on MEAs and become spontaneously active within

three weeks of seeding on the MEAs. Methylene blue and memantine, two model therapeutics

for Aβ42, were tested with the MEA-based assay and almost full recovery in the spiking

activity was shown within 24 h after administration in the cultures.

Bacteria. Many techniques have been applied to study biofilm formation including fluo-

rescence microscopy117, scanning electrochemical microscopy45, and confocal laser scanning

microscopy.46 The disadvantage of these methods is the need for fixation or labeling, all of

which have damaging effects on the samples.48

Lei and co-workers observed Shewanella oneidensis MR-1 bacterial biofilm growth on an

Au macroelectrode using Pt ME.186 The film thickness was monitored by approaching the ME

tip to the biofilm outer later at different periods of development. MEAs were also developed

by Flandre and coworkers developed for the detection of bacterial cells, based on impedi-

metric techniques.187 In their work, the authors used lytic enzymes to selectively destroy

bacteria anchored on the sensor surface from synthetic urine samples, namely Staphylococcus

epidermis and Enterococcus faecium. Escherichia coli (E.coli) was detected in human urine

samples for urinary tract infection diagnosis using Au MEAs.48 Through detecting changes

in impedance, growth of E. coli growth was monitored during a 12-hour culture.

Au MEAs were also used for impedance based detection of gram-positive bacteria, bac-

teria which contains a thick peptidoglycan layer in the cell wall (Figure 1.14).187 Using

thiol-based covalent immobilization, Kaur and co-workers functionalized the MEA with

Leucocin A, a naturally occurring antimicrobial peptide. The sensor responded through
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Figure 1.14: Left: Graphic depiction of the AMP-based biosensor showing a simulated
cartoon denoting the interdigitated microelectrode, AMP immobilized on the microelectrode
array, and bacterial detection achieved via binding of the target cells to the immobilized
AMP. Right: The binding curve parameter (integrated area under the curve) for impedance
sensor responses to the corresponding strains. Reprinted with permission from Ref. 196.
Copyright American Chemical Society 2014.

an impedance change to the presence of gram-positive bacteria to detect Listeria monocyto-

genes (L.monocytogenes) at clinically relevant concentrations. The sensor was also tested in

L.monocytogenes contaminated dilute milk samples. Although selective L.monocytogenes

binding was not achieved with the sensor when tested with other Gram-positive bacteria,

there was a clear discrimination of the sensor toward the various bacterial species of the

same concentration- with the highest impedance response toward L.monocytogenes. To

detect bacteria in more concentrated milk samples, a piezoelectric ME array system was

designed by Huang’s group.156 The sensor was tested against fifty fresh milk samples con-

taminated with five different bacterial species and has potential as an identification tool in

the food industry.
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Collision-Based Detection of Bioanalytes

Collisions of NPs on ME surfaces have attracted much interest in the past decade.152 The

Bard, Compton and Crooks groups have demonstrated much of the pioneering work in this

field.29,30,61,188–190 One of the earliest work on collisions was done by Bard’s group. The

group proposed that each collision produces a unique current–time profile related to the

particle size, particle residence time, and the nature of particle interaction with the elec-

trode surface, thus opening many possibilities in single molecule electrochemistry.188 Using

Fe(CN)4−
6 as a redox mediator, discrete blocking-based collision events of electrochemically

inert bioanalytes on a ME were probed.61 This specific study demonstrated the application

of collision based-measurements in the detection of antibody, enzyme, DNA, and polystyrene

nanosphere adsorption events (Figure 1.15).

Figure 1.15: i-t curves recorded in the presence of 7 pM polystyrene beads, 2 pM IgG, 2 pM
CAT, 2 pM GOx, 2 pM HRP, and 300 pM DNA. Pt UME biased at 0.8 V vs Ag/AgCl in a
solution of 400 mM ferrocyanide was used. each experiment, a data point was taken every
50 ms. Reprinted with permission from Ref. 61. Copyright American Chemical Society 2015

Viruses. Single virus impacts on a ME surface were one of the recently explored SCNEC-

based research avenues.26 For instance, low concentrations of murine cytomegalovirus (MCMV)

were measured through irreversible blockage-based SCNEC absorption at ME surface. This

work was extended to detect the presence of viruses in biological samples such as urine.158



45 1.3. Bioanalytical Applications

Moreover, Compton and coworkers presented a proof of concept method toward the detection

of individual viruses using carbon MEs and AgNP-decorated viruses.191 The group showed

that the virus concentration could be rapidly quantified, even at the single virus level, and

the electrochemical signal could be distinguished from a bacterial collision signal.

Bacteria. The presence of single, living, 2 µm long bacterial cells on MEs through block-

ing collisions using a combination of electrochemical and optical methods was demonstrated

by Park and coworkers (Figure 1.16).192 [Fe(CN)6]4− was used as the redox mediator to

attract negatively charged E. coli to the positive electric field from the oxidation reaction.

This work was extended by Thorgaard and coworkers where the adsorption events of both

E. coli and Bacillus subtilis (B.subtilis) bacteria were detected through probing blocking col-

lisions at the surface of UMEs.44 While E.coli collisions resulted in “step” shaped transients,

the presence of B.subtiltis was distinguished through “blip” shaped transients. Simultaneous

fluorescence microscopy was used to correlate the current transients to the collision events

of the fluorescently labeled bacteria.

Nucleic Acids, Cells and Enzymes. Advancing into the use of more complex bioanalytes,

Crooks and coworkers used DNA modified ME surfaces for electrocatalytic amplification

(ECA) applications in biological target detection using hydrazine (N2H4) mediated electron

transfer.193 The key findings from this work were that while immobilizing ssDNA on MEs

had little to no impact on the collision current transients, DNA modification of the NPs

severely affected the collision frequency and current transient magnitude. The Crooks group

built on this methodology to detect the presence of DNA.194 This study established useful

protocols for future ECA-based biosensing applications. More recently, the group applied
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Figure 1.16: Left: Schematic diagram of E.coli detection by collision event on a UME.
Bottom: i-t curves and relevant fluorescent images of E.coli on C-UME. Right: Fluorescent
image after multiple E.coli collisions. The solutions contained 53 fM E.coli and 20 mM
K4Fe(CN)6. The C-UME (10 µm diameter) was biased at +0.6V vs Ag/AgCl. Black circles
in the fluorescent images indicate the surface of the C-UME.Reprinted with permission from
Ref. 201. Copyright Nature 2016.

a similar framework for microRNA (miRNA) detection.82 Dysregulation of the expression

levels of one or more miRNAs is associated with various pathological diseases, including

cancer, and therefore certain miRNAs may serve as important diagnostic biomarkers.

Other bioanalytical research contributions in this field consisted of enzyme and cell colli-

sion studies based on direct electron transfer. To demonstrate the possibility of direct elec-

tron transfer using single-catalase enzyme detection, enzyme collisions at BBD MEs were

observed.195 Also using direct electron transfer, the ability to differentiate between healthy

and cancer cells was demonstrated.196 This detection was achieved through monitoring the

consumption of a single cell’s contents when it collided with a ME in the presence of a

surfactant. The electrochemical response between acute lymphoblastic lymphoma T-cells

(cancerous white blood cells) and healthy thymocytes was shown to vary by two orders of

magnitude.
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1.4 Future Prospects of Microelectrodes

More than two centuries after their inception, MEs have been developed with new shapes,

geometries and designs to solve problems associated with spatially and temporally resolved

bioanalyte detection and long chemical release events. Today, MEs are routinely used for

both in vivo and in vitro bioelectrochemistry. Yet, several significant challenges remain in

their application. Difficulties in signal discrimination between various redox active molecules,

lowering limits of detection and quantification, as well as invasiveness-associated challenges

are faced with ME use. While ME miniaturization into the nanoscale size regime for nanopore

fabrication is attractive because it offers several benefits including the ability to carry out

electrochemistry in smaller spaces, this approach includes additional operational challenges.

The applications of MEs are likely to continue expanding in the future toward single-

molecule electrochemical detection, especially through collision-based electrochemistry. An-

other attractive area of research is ME commercialization for clinical diagnostics. Foreseeable

developments of MEs for biological applications and commercialization purposes include the

development of:

1. Cost efficient nanoparticle-based nanoscale ME designs

2. 3-D structured MEs for increased sensitivities

3. Biosensor based home testing kits for various applications

4. Practical MEs with prolonged lifetimes
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5. MEs with simultaneous multichemical sensing

6. High throughput, environmentally and cost-friendly biosensor fabrication technology

MEs also have potential implications in providing unprecedented insight into the chemical

basis of biological behavior and disease onset. Currently, the biggest challenge standing

between unlocking the full potential of MEs is the design of highly reliable and reproducible

MEs which can be used over prolonged periods of time. In the case of enzyme-based MEs,

uncovering methods to produce and engineer enzymes in a cost and time efficient manner

will significantly contribute toward clinical implementation of the sensors.

1.5 Summary

In general, enzyme-based MEs have been used mainly for neurochemical detection. In com-

bination with amperometric techniques, these sensors have allowed for real time analyte

detection. Currently, there remain to be challenges in the fabrication and design of enzy-

matic electrochemical biosensors, including enzyme selectivity, stability, and pH sensitivity,

limiting their potential for commercialization. More importantly, there is a limited pool of

enzymes currently in use for these types of devices, serving as a bottleneck in the detection

of many analytes of interest. One way to unlock the potential of these biosensors is by

discovering a wider range of enzymes suitable for use in biosensor development.

This thesis addresses the bottlenecks in robust biosensor development and application by

bridging the gap between biotechnology, engineering and neuroscience. Using a multidisci-

plinary approach, the design of enzymatic electrochemical biosensors is optimized and their
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applications in model animal systems demonstrate their suitability for analyte quantifica-

tion, more specifically D-serine. This thesis also expands the application of these biosensors

to other fields where real-time analyte quantification is required by developing a general

biosensor design strategy. Overall, these biosensors may be used for both localized and

global analyte detection using micro- and macro-electrochemical methods.

Chapter 2 describes the development of microelectrode based approach to study the

activity of immobilized enzymes using RgDAAO as a model enzyme and revealing the effect

of enzyme immobilization and cross-linking on substrate specificity.

Chapter 3 explores enzymatic electrochemical D-serine detecting biosensor characteri-

zation, LC-MS validation of biosensor measurements and the application of miniaturized

biosensors ex vivo and in vivo in stage 48 Xenopus Laevis, a model animal system.

Chapter 4 investigates the relationship between mutant DAAO enzymes and D-serine

biosensor performance (i.e. selectivity and sensitivity) to develop biosensors with improved

D-serine detection properties.

Chapter 5 expands upon and incorporates lessons learned from D-amino acid biosensor

design to expand the scope of enzymatic biosensors to other oxidase enzymes. This chapter

discusses the development of an automated methodology to build and apply biosensors for

glycine quantification by integrating highthroughput enzyme screening with a software-based

data treatment approach.
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sponse Time of Polyethyleneimine Modified Impedimetric Transducer for Bacteria Detection. Elec-

troanal. 2015, 27, 656–662.

(48) Settu, K.; Chen, C.-J.; Liu, J.-T.; Chen, C.-L.; Tsai, J.-Z. Impedimetric Method for Measuring

Ultra-Low E. Coli Concentrations in Human Urine. Biosens. Bioelectron. 2014, 66, 244–250.



55 References

(49) Etayash, H.; Jiang, K.; Thundat, T.; Kaur, K. Impedimetric Detection of Pathogenic Gram-Positive

Bacteria Using an Antimicrobial Peptide from Class IIa Bacteriocins. Anal. Chem 2014, 86, 1693–

1700.

(50) Jiang, L.; Santiago, I.; Foord, J. Observation of Nanoimpact Events of Catalase on Diamond Ultra-

microelectrodes by Direct Electron Transfer. Chem. Commun. 2017, 53, 8332–8335.

(51) Dick, J. Electrochemical Detection of Single Cancer and Healthy Cell Collisions on a Microelectrode.

Chem. Commun. 2016, 52, 10906–10909.

(52) Wang, J.; Dunevall, J.; Ewing, A. Spatial Resolution of Single-Cell Exocytosis by Microwell-Based

Individually Addressable Thin Film Ultramicroelectrode Arrays. Anal. Chem 2014, 86, 4515–4520.

(53) Wang, L.; Xu, S.-W.; Xu, H.-R.; Song, Y.-L.; Liu, J.-T.; Luo, J.-P.; Cai, X.-X. Spatio-Temporally

Resolved Measurement of Quantal Exocytosis from Single Cells Using Microelectrode Array Modified

with Poly L-Lysine and Poly Dopamine. Chinese Chem. Lett. 2016, 27, 738–744.

(54) Study of the Union Method of Microelectrode Array and AFM for the Recording of Electromechanical

Activities in Living Cardiomyocytes. Eur. Biophys. J. 2017, 46, 495–507.

(55) Wu, H.-C.; Lyau, J.-B.; Lin, M.-H.; Chuang, Y.-J.; Chen, H. Multilayer Microfluidic Systems with

Indium-Tin-Oxide Microelectrodes for Studying Biological Cells. J. M. M. 2017, 27, 1–15.

(56) Abe, H.; Kanno, Y.; Ino, K.; Inoue, K.; Suda, A.; Kunikata, R.; Matsudaira, M.; Shiku, H.; Matsue,

T. Electrochemical Imaging for Single-Cell Analysis of Cell Adhesion Using a Collagen-Coated Large-

Scale Integration (LSI)-Based Amperometric Device. Electrochem. Soc. Japan 2016, 84, 364–367.

(57) Manning, B.; Meyer, A.; Gruba, S.; Haynes, C. Single-Cell Analysis of Mast Cell Degranulation

Induced by Airway Smooth Muscle-Secreted Chemokines. Biochim. Biophys. Acta 2015, 1850, 1862–

1868.

(58) Yu, X.; Kelley, T.; Chiel, H.; Burgess, J. Communication-Microelectrode Detection of Cholesterol

Efflux from the Human Buccel Mucosa. J. Electrochem. Soc. 2016, 163, 453–455.



References 56

(59) Xu, H.; Zhou, S.; Jiang, D.; Chen, H.-Y. Cholesterol Oxidase/Triton X-100 Parked Microelectrodes

for the Detection of Cholesterol in Plasma Membrane at Single Cells. Anal. Chem 2018, 90, 1054–

1058.

(60) West, R.; Lu, H.; Shaw, K.; Chiel, H.; Kelley, T.; Burgess, J. Double Potential Pulse Chronocoulom-

etry for Detection of Plasma Membrane Cholesterol Efflux at Disk Platinum Microelectrodes. J.

Electrochem. Soc. 2014, 161, 111–116.

(61) Dick, J.; Renault, C.; Bard, A. Observation of Single-Protein and DNA Macromolecule Collisions on

Ultramicroelectrodes. J. Am. Chem. Soc. 2015, 137, 8376–8379.

(62) Saheb, A.; Patterson, S.; Josowicz, M. Probing for DNA Methylation with a Voltammetric DNA

Detector. Analyst 2014, 139, 786–792.
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Chapter Preface

Challenges facing enzyme-based electrochemical sensors include substrate specificity, batch

to batch reproducibility and lack of quantitative metrics related to the effect of enzyme

immobilization. This chapter presents a quick, simple and general approach for measuring

the effect of immobilization and crosslinking on enzyme activity and substrate specificity.

The method can be generalized for electrochemical biosensors using an enzyme that releases

H2O2 during its catalytic cycle. Using as proof of concept RgDAAO-based electrochemical

biosensors, we found that the Michaelis-Menten constant (Km) decreases post immobiliza-

tion, hinting at alterations in the enzyme kinetic properties and thus substrate specificity.

We confirm the decrease in Km electrochemically by characterizing the substrate specificity

of the immobilized RgDAAO using chronoamperometry. Our results demonstrate that en-

zyme immobilization affects enzyme substrate specificity and this must be carefully evaluated

during biosensors development.

The work presented in Chapter 2 is reproduced from:

Moussa, S., Chhin, D., Pollegioni, L., Mauzeroll J., Quantitative measurements of free

and immobilized RgDAAO Michaelis-Menten constant using an electrochemical assay reveal

the impact of covalent cross-linking on substrate specificity, Analytical and Bioanalytical

Chemistry 2021, 1-10.
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2.1 Introduction

Enzyme immobilization on solid supports is a cost reduction technique that has been widely

adopted in biosensing1–7 and biocatalysis.8–10 Yet, the catalytic performance of an immobi-

lized enzyme will change based on the chosen method i.e. nature of the substrate, enzyme

loading and concentration.11–14 For biosensors based on redox-active enzymes, there are es-

tablished quantitative analytical expressions to evaluate the enzyme activity but they do

not apply to non-redox enzymes.15–19 Techniques such as AFM20, SECM21–23, SEM24 and

FTIR25,26, employed to characterize non-redox enzymatic biosensors, are neither quantita-

tive nor representative of the final device structure. There is no simple and analytically

valid method to quantify the activity of immobilized non-redox enzymes. Thus it is diffi-

cult to compare performance between different biosensor designs and fabrication methods.

Traditionally, enzymes are immobilized through a range of methods. The key immobiliza-

tion methods are either chemical (i.e. covalent attachment and crosslinking) or physical

(i.e. adsorption and entrapment).27 Depending on their application, which ranges from the

pharmaceuticals to the cosmetic industries, support materials for enzyme immobilization

are either organic (i.e. natural or synthetic polymers) or inorganic (i.e. silica and glass)

based.27–29 Support type and immobilization impact enzyme stability, a desired property

for enzyme industrial application. Covalent-based enzyme immobilization is the most com-

monly used technique due to the resulting high enzyme stability. Covalent crosslinking

based on linker functional group reactivity with enzyme reactive residues to form stable

bonds impacts enzyme conformation and gives rise increased enzyme stability.30 In addi-
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tion to enzyme stability, enzyme activity is an important parameter in assessing enzyme

performance. Studies using optical oxygen assays and electrospray ionization- mass spec-

trometry have shown that immobilization may either reduce31, maintain32,33 or improve

enzyme activity34. Herein, we propose to immobilize an enzyme to the surface of a poly-m-

phenylenediamine modified microelectrode (PPD-ME) and measure the chronoamperometric

current of the enzyme electroactive byproduct to quantify its catalytic activity. As a proof

of concept, the microelectrode-based electrochemical characterization approach (MECA) is

applied to RgDAAO, which has significant potential for applications as a D-amino acid de-

tecting biosensor.21,35–38 RgDAAO is involved in the degradation of D-amino acids such as

D-serine31, which regulates neurotransmission in the central nervous system. Hence, changes

in DAAO function and D-amino acid levels are linked to the onset of chronic diseases such

as depression, schizophrenia, Alzheimer’s, and gut inflammation.32–35 Biosensors are simple,

low-cost tools that allow for real-time analyte detection: employing RgDAAO biosensors is

an attractive approach for probing D-amino acids.36 Furthermore, in oxidase enzymes like

RgDAAO, the electroactive enzyme catalysis byproduct is H2O2, which is oxidizable at plat-

inum ME surfaces.37 As such, the MECA method is applicable to enzymes producing an

electroactive product. In this work, MECA is used to measure the kinetics for both free and

ME-immobilized RgDAAO. The Michaelis–Menten constant (Km) obtained using MECA is

compared to spectrophotometric assays for free RgDAAO and the Shu and Wilson method

for immobilized RgDAAO. The MECA was also applied to study RgDAAO substrate speci-

ficity. Finally, we build on these findings by discussing the effect of the presence of dual

substrates (D-alanine and D-serine) on RgDAAO biosensor response.
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2.2 Experimental Section

2.2.1 Materials and Chemicals

D-serine (99%), D-alanine (99%), D-aspartate (99%), glycine (≥98.5%) m-phenylenediamine

flakes (99%), bovine serum albumin (BSA, ≥98%), glycerol (≥99%), o-dianisidine (o-DNS),

H2O2 (30% vol/vol in H2O), 2-mercaptoethanol were all purchased from Sigma-Aldrich.

Glutaraldehyde (50% in H2O) was purchased from Fischer Scientific.

2.2.2 Enzyme Purification and Expression

Recombinant RgDAAO wild type (WT) was prepared as reported in the literature.39 Briefly,

recombinant RgDAAO WT was expressed in BL21(DE3)pLysS E. coli cells using the pT7-

HisDAAO expression vector and purified by HiTrap Chelating chromatography (GE Health-

care Bio-sciences). The final preparation of RgDAAO WT was stored in 20 mM Tris-HCl

(pH 8.0), 100 mM NaCl, 10% v/v glycerol, and 5 mM 2-β-mercaptoethanol. The enzyme

purity was confirmed by SDS-PAGE. The final enzyme solution was concentrated to 56.8 mg

mL−1 protein in 0.01 M phosphate-buffered saline (PBS, pH 7.4) containing 1% v/v glycerol

and 25 mg mL−1 BSA.

2.2.3 Spectrophotometric Characterization of RgDAAOfree

H2O2 production was detected using a coupled enzyme o-DNS activity assay as discussed in

the literature.40 Briefly, H2O2 produced from the enzymatic reaction is reduced by horseradish
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peroxidase that simultaneously oxidizes o-DNS to give a colored compound with an absorp-

tion maxima at 440 nm. To explore pH effects on the specific activity of RgDAAOfree,

activity assays were carried out in both 100 mM sodium pyrophosphate (NaPPi, pH=8.5)

and 100 mM potassium phosphate (KPi, pH=7.4) with various substrates (D-serine, D-

alanine and glycine). One unit of enzyme is defined as the amount of enzyme that converts

1 µmol of substrate per minute at 25oC.41

2.2.4 PPE-ME and RgDAAO-PPD-ME Preparation

Pt disk MEs (10 µm) were prepared according to the literature.42 Briefly, a soda-lime glass

capillary was pulled and a Pt wire was inserted into the capillary, which was then sealed. The

ME was polished until the Pt wire was exposed, revealing a disk-shaped surface geometry.

This was followed by rinsing the ME with Millipore MilliQ water (18.2 MΩ·cm), 70%

ethanol, and acetone. The Rg, defined as the glass sheath to the exposed platinum diameter

ratio, was confirmed with optical microscopy using a customized Axio Vert.A1 inverted

microscope (Zeiss, Oberkochen, Germany). The Rg was 5 for all MEs. A permselective

polymer was then electrodeposited on the microelectrode surface using cyclic voltammetry

(0 to +1000 mV, 5 cycles) with 0.1 M PPD prepared in 0.01 M PBS (pH=7.4).43 To fabricate

the full biosensor, 2 µL of the enzyme (56.8 mg mL−1 in 25 mg mL−1 BSA) was drop-casted

onto a polydimethylsiloxane coated glass slide. This was done to ensure hydrophobicity of

the surface, which facilitated enzyme deposition onto the PPD-ME tip. The PPD-ME was

immersed in the enzyme droplet for five seconds and then removed to dry for 4 minutes. The

immersion process was repeated four times until a small amount of enzyme had adsorbed onto
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the PPD-ME, confirmed with optical microscopy. Glutaraldehyde vapor-based crosslinking

of the PPD layer with the enzyme layer was achieved by placing the biosensor in a sealed

chamber containing 10 mL of glutaraldehyde solution (50% v/v in H2O) for 10 minutes.

Glutaraldehyde is a non-specific fixating crosslinker which reacts primarily with amino groups

of proteins in DAAO.

2.2.5 Electrochemical Measurements

For chronoamperometry, the biosensor was biased at 0.5V vs. Ag/AgCl. Measurements

were performed using an Electrochemical Probe Scanner 3 (HEKA Elektronik, Lambrecht,

Germany). All potentials were recorded relative to a chloridized silver (Ag/AgCl) wire

(fabricated in-house, radius=0.250 mm) quasi-reference electrode (QRE).42 All solutions were

prepared in phosphate-buffered saline (PBS, 0.01 M, pH 7.4). Similarly, cyclic voltammetry

experiments using the RgDAAOimmob PPD-ME (biosensor) immersed in individual solutions

of D-serine and D-alanine were performed (-0.1–0.6 V vs. Ag/AgCl wire, 0.1 V·s−1).

2.2.6 Electrochemical Characterization of RgDAAOfree and RgDAAOimmob

H2O2 production from free RgDAAO reaction with D-serine using a PPD-ME was measured

to assess RgDAAOfree activity. RgDAAO was thawed on ice and then warmed to room

temperature for 5 mins. An oxidative potential step of (0.5 V vs. Ag/AgCl) was applied

to a solution of 200 µL of D-serine (0.01 M PBS, pH=7.4), then 1 µL of RgDAAO (56.8

mg·mL−1) was added during mixing. The increase in current following the addition of

RgDAAO was used to calculate the specific activity of RgDAAO towards D-serine at a
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given concentration. To study the effect of enzyme immobilization on the biosensor specific

activity, the current response from a biosensor was measured using a potential step of 0.5 V

vs Ag/AgCl in D-serine solutions (0.01 M PBS, pH=7.4) at different concentrations.

2.2.7 Numerical Simulations

A 2D axisymmetric model was built using COMSOL Multiphysics version 5.3a. COMSOL

was used to simulate the steady state current following the oxidation of H2O2 at the ME tip.

A parametric sweep was applied to determine the current value (i) at various concentrations

to generate a calibration curve for the RgDAAO-PPD-ME with D-serine. The diffusion

coefficient (Dapp) was also parameterized to determine the apparent diffusion coefficient of

H2O2 through the PPD layer. Following the minimization of the sum of squared residuals

between the simulated and experimental calibration curve data, the diffusion coefficient was

extracted. To ensure that both calibration curves were similar, the slopes of the regression

lines were compared with a two-tailed student’s t-test (t(4)=0.27, p=.800) (See Appendix A

for full model details).

2.2.8 Data Analysis

All experimental data presented are the mean of triplicate measurements unless otherwise

stated. Error bars represent standard deviation (± S.D.) unless otherwise stated. A two-

tailed student’s t-test was used for statistical testing (α=0.05). Data were analyzed and

treated on Matlab R2016b (Mathworks, Natick, USA). Kinetic curves were built using an

in-house developed code on Matlab R2016b(See Appendix A for full code details). All other
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data were imported into Rx64 3.5.2 (Windows version) for visualization. All electrochemical

currents were normalized by the blank signal.

2.3 Results and Discussion

2.3.1 A Method to Probe Redox Molecule Formation Kinetics

from Enzyme Catalysis

For neutral and basic D-amino acids, RgDAAO’s reaction produces H2O2, ammonia and

α-keto acid (Figure 2.1).40,44 The rate of product formation is typically determined using

spectrophotometric methods i.e. o-DNS assays where absorbance changes are measured

corresponding to enzymatic H2O2 production (Figure 2.1A). However, they have limited

sensitivity, are prone to optical interferences (such as solution turbidity)45 and cannot be

applied to immobilized enzymes. Alternatively, RgDAAO oxygen consumption can be mea-

sured with electrochemical assays (Figure 2.1B). Electrochemical oxygen consumption assays

do not suffer from spectrophotometric method disadvantages. Yet, oxygen consumption as-

says do not quantify H2O2 product formation and do not represent the final biosensor device

architecture.40 The proposed MECA approach (Figure 2.1C) enables direct measurement of

redox active molecules formed from immobilized enzyme catalysis; an approach free of optical

interferences. Using amperometric PPD-modified MEs, the MECA measures the reagent-

free enzymatic rate of H2O2 formation. Direct enzyme activity quantification is achieved by

measuring the rate of current change (di
dt

) from H2O2 oxidizing under a fixed potential (0.5V
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vs. Ag/AgCl) (Figure 2.1C).

Figure 2.1: The a) spectrophotometric, b) electrochemical and c) the proposed MECA
method used to determine the activity of the RgDAAOfree and RgDAAOimmob form of the
enzymes. The MECA method directly quantifies H2O2 production.

2.3.2 Analytical Equations for H2O2 Detection at the ME Surface

Under diffusion limited regimes (V 0.5 V vs Ag/AgCl), the H2O2 oxidative steady state

current (i) at a disk ME is defined by46:

i = β(Rg)4nFaDappC (2.1)
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Where β(Rg) is a parameter associated with the Rg of the disk ME β(Rg) =1.04 for

Rg=5)47, n is the number of electrons involved in the rate-determining reaction, F is Faraday’s

number, C is the H2O2 concentration (M), Dapp is the apparent H2O2 diffusion coefficient

towards the electroactive ME surface and a is the radius of the electroactive area (m). Optical

microscopy is used to evaluate a and β. Using the relationship between concentration and

current measured at the microelectrode surface, the rate of H2O2 detection (dCH2O2
dt

) is as

follows:

dCH2O2

dt
= di

dt
∗ 1

4nFDapp(Rg)a
(2.2)

2.3.3 Contribution of a Permeable Polymer Layer at the ME Sur-

face to H2O2 Detection

To solve for dCH2O2/dt, an approximation of the apparent H2O2 diffusion coefficient, Dapp is

required. Due to the presence of a permeable PPD layer at the Pt surface, transport across

the PPD layer must be considered in the Dapp value. To extract Dapp corresponding to H2O2

diffusion from the bulk through the PPD and towards the ME surface, a numerical model in

COMSOL Multiphysics was built to generate simulated calibration curves at various Dapp

values. (See Appendix A for full model details). Next, the simulated calibration curves

were fit to experimental calibration curves. The experimental calibration was generated by
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extracting iss from the oxidation current profile for H2O2 produced by the RgDAAO reaction

with 0-25 µM D-serine (Figure A.4). This concentration range is relevant to D-serine levels

in brain extracellular spinal fluid (0-10 µM) from quantification studies performed in human

and animal models.35,43,48,49

2.3.4 Contribution of Enzyme Kinetics to H2O2 Detection

Enzyme kinetics play a dominating role in H2O2 detection at the PPD-modified ME surface.

To demonstrate that the signal detected at the ME surface is associated with enzymatic H2O2

production, a calibration curve of the PPD-ME immersed in H2O2 solutions was generated.

The PPD-ME calibration curve was compared to calibration curves of the biosensor immersed

in D-serine solutions. The two different calibrations showed good agreement with one another

(A.2). As such, the electrochemical enzyme activity (EA) in µmol min−1mL−1 can be

related to the H2O2 current at the PPD-ME (Equation 2.2). The enzyme reaction-dependent

increase in H2O2 production is proportional to the current transient measured at the ME

surface. To compare RgDAAOfree and RgDAAOimmob, the EA values are normalized by the

enzyme concentration (mgDAAO/mL), total solution volume (mLtotal) and enzyme volume

used for the assay (mLDAAO). Normalization yields the specific electrochemical activity

(SEA) expressed as U/mgDAAO as follows:

SEA = U

mgDAAO
= EA ∗ mLtotal

mLDAAO
∗ mL

mgDAAO
(2.3)
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2.3.5 MECA Derived Km values for RgDAAOfree and RgDAAOimmob

To determine the SEA at different D-serine concentrations, the current transient (di
dt

) was cal-

culated from chronoamperograms. Using a PPD-ME immersed in D-serine solutions ranging

from 0.1-25 mM, chronoamperograms were recorded at 0.5 V vs Ag/AgCl for each concen-

tration (Figure 2.2A). The initial current transient at D-serine concentrations lower than

0.1 mM was not used due to the PPD-ME response time and instrument resolution. In

the first 400 s, a background current was recorded. At 400 s, the addition of RgDAAOfree

under solution mixing led to the observed current transient from H2O2 production. Time-

dependent current changes in the initial linear range (30 s) of the RgDAAOfree reaction were

used to determine SEA values at each D-serine concentration. By fitting SEA values to

the Michaelis-Menten equation using a non-linear least squares regression hyperbolic model

(Figure 2.2B), the Km for D-serine of RgDAAOfree is calculated (Equation 2.4).

SEA = SEAmax[S]
Km + [S] (2.4)

Similarly, the SEA for RgDAAOimmob was determined. Briefly, a biosensor poised at

0.5V vs Ag/AgCl, was immersed in a solution of PBS for 300 s where a background current

was observed. At 300s, a standard D-serine solution (0-25 mM) replaced the PBS solution,

where mixing resulted in several current transients. An increase in H2O2 oxidation current

is observed upon D-serine addition (Figure 2.2C). The first 15 s of the linear portion of the

current profile of the RgDAAOimmob reaction was used to calculate di
dt

. Using a modified ver-
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Figure 2.2: a) Schematic of experiment (in 25 mM D-serine) used to build the MM curve for
the RgDAAOfree. b) MM curve used to determine Km value for the free RgDAAOfree (3.69
mM). c) Schematic of experiment used to build the MM curve for the immobilized enzyme.
d MM curve used to determine Km value for RgDAAOimmob (1.21 mM).

sion of Equation 2.3 where mLtotal/mLDAAO =1, EA was normalized to the concentration of

enzyme immobilized on the PPD-ME surface (56.8 mg mL−1). Then, individual SEA values

were fit to a Michaelis Menten model (Figure 2.2B). For fitting the data points to a Michealis-

Menten model, we recommend using a minimum of four data points. However, to improve

the fit of a Michaelis Menten model, we recommend using nine data points over a wide range

of substrate concentrations. From the Michaelis Menten model fit, the RgDAAOimmob Km

value obtained by MECA (Figure 2.2BD) is 3-fold lower than for RgDAAOfree , suggesting

an increase in apparent D-serine affinity. From the MM curves in Figure 2.2, both RgDAAO
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forms exhibit substrate saturation at 25 mM. Moreover, cyclic voltammograms (CVs) of

the biosensor in D-serine and D-alanine solutions show changes in substrate selectivity as a

function of substrate concentration for RgDAAOimmob (Figure A.5). Both results suggest the

possibility of tuning the enzyme’s substrate specificity through immobilization as previously

demonstrated for other enzymes such as lipase50 and ester hydrolase51. Substrate specificity

changes are tied to the crosslinker nature which affects enzyme orientation, substrate access

to the enzyme active site and the altered surface chemistry of the support matrix.52 While

the MECA does not determine all enzyme kinetic parameters, it is suitable for comparisons

of surface-immobilized enzymes unlike conventional methods such as spectrophotometric as-

says. The MECA is applicable for biosensors where an electroactive product is probed.

For practical MECA application, we recommend consistency in enzyme concentrations for

immobilization: this enables valid comparisons across biosensor design strategies.

2.3.6 Validation of the MECA Method

To determine the validity of MECA, its results were compared against established methods

namely the standard o-DNS spectrophotometric assay40 and an electrochemical method,

defined in this work as the Shu and Wilson method.35,53–55 The Shu and Wilson method

(Equation 2.5), derived for the rotating enzyme disk electrode, has been applied in the

past as an analytical method to determine the Km value for electrode surf immobilized

enzymes.35,53,56–58 This method uses steady state current measurements for analysis and is

usually applied only for surface bound enzymes. Spectrophotometric assays, on the other

hand, use rates of absorbance changes and are typically employed with free enzymes.



2.3. Results and Discussion 86

iss = imax[S]
Km + [S] (2.5)

The Shu and Wilson method is based on the theory of Levich rotating disk electrodes.53

The method demonstrates that the Levich electrode equation is consistent with the steady

state current trend of amperometric enzyme electrodes. Chronoamperometry is used to

extract iss corresponding to H2O2 oxidation at different substrate concentrations. The Km

is calculated using the measured iss for each D-serine concentration as follows:59,60

Where imax is the maximum H2O2 oxidative current at substrate saturating conditions

and [S] is the substrate concentration. For RgDAAODAAOfree, the Shu and Wilson method

underestimate the Km by a factor of ≈ 30 compared to the spectrophotometric method.

In comparison, the MECA approach underestimates the Km by a factor of ≈ 0.12. The

difference between the spectrophotometric and MECA derived Km is ascribed to the rejection

of approximately 80% of the produced H2O2 by the permselective PPD-layer: the PPD layer

induces hindered diffusion towards electroactive ME surface.21 This hindered diffusion masks

the original rate of H2O2 production, causing a deviation in matching the Km determined

with spectrophotometry. For RgDAAOimmob, the Km value is lower than for RgDAAOfree

for both the MECA and Shu and Wilson methods. Moreover, when comparing MECA to

the Shu and Wilson method, the latter method gave a lower Km value for RgDAAOimmob

suggesting that the Shu and Wilson method also underestimates this kinetic parameter.

Using the MECA, theRgDAAOimmob Km value (1.21 mM) is less than the RgDAAOfree Km
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Figure 2.3: Km values derived from non-linear least squares fit of the individual activity
values using the spectrophotometric assay, the Shu and Wilson method, and the MECA
approach for both the free and immobilized RgDAAOfree and RgDAAOimmob WT at pH=7.4.

(3.69 mM). The change in the Km is due to alterations in the rate of enzyme catalysis (kcat)

and/or dissociation (Kd) as both impacts the overall Km value.55,61 Variations in Km values

for the same enzyme represent changes in enzyme substrate specificity.

2.3.7 Immobilization Alters RgDAAO Substrate Specificity

To identify RgDAAO’s most electrochemically active substrates, four different amino acids

(D-serine, D-alanine, D-aspartate and glycine) were tested with RgDAAOfree. Chronoam-

perometric measurements monitoring the current profile from the incubation of RgDAAOfree

in 100 µM of each substrate were performed. The steady state current responses demon-
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strated that D-serine and D-alanine were the preferred substrates of RgDAAO (Figure A.4).

Accordingly, D-serine and D-alanine were tested with both RgDAAOfree and RgDAAOimmob

using spectrophotometry and electrochemistry, respectively. The spectrophotometric and

electrochemical measurements were used to quantify concentration dependent D-alanine:D-

serine specific activity ratios (Figure 2.4A&B). The ratios allow to evaluate the effect of

enzyme immobilization on enzyme selectivity. For RgDAAOfree, RgDAAO is generally more

Figure 2.4: a The specific activity of RgDAAO was measured at various concentrations of
D-alanine and D-serine individually using the o-DNS assay in NaPPi buffer (pH=8.5) and
KPi buffer (pH=7.4). The specific activity at each concentration was used to calculate
the D-alanine:D-serine specific activity ratio of RgDAAOfree. Each bar shows the average
specificity ratio of three ratios derived from measurements for each concentration. B) Ratio of
biosensor response (iss) at various concentrations towards D-ala and D-ser (n=3). Error bars
represent ±SD. The biosensor steady state response was not measured at higher substrate
concentrations due to a substrate inhibition effect masking iss.

selective towards D-alanine (Figure 2.4A). Moreover, the RgDAAOfree specific activity ratios

highlighted two main points: the ratios are on average ≥ 2 and the ratio increases drasti-
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cally below 7.5 mM substrate concentration. Taken together, the results emphasize that

the enzyme specificity depends on substrate concentration in the biosensor linear range.56

Additionally, a pH change has no significant effect on RgDAAO specificity ratio (Fig. 4A)

as confirmed with a Welch’s t-test (for specific activity ratio values at pH 7.4 and 8.5,

tcalc =0.5774 ¡ tcritical=3.182). In contrast to RgDAAOfree, the average RgDAAOimmob D-

alanine/D-serine specificity ratio is < 2 (Figure 2.4B). While for both enzyme forms there

is preferential selectivity of D-alanine over D-serine, enzyme immobilization results in a

lower dependence on the substrate concentration, apparently increasing RgDAAO selectivity

towards D-serine.

2.3.8 Dual Substrate Presence Impact on RgDAAOimmob Response

Typically, a single amino acid is probed with biosensors and the presence of unwanted amino

acids interferes with biosensor responses.29,57,62 To explore the extent of the interference

effect, the RgDAAO biosensor was calibrated in standard D-serine (2.5 – 25 µM) (Figure 2.5A,

yellow), D-alanine (Figure 2.5A, purple), and equimolar D-serine and D-alanine solutions

(Figure 2.5A, black). Using chronoamperometry, the iss for D-serine and D-alanine mixtures

was larger than for pure D-alanine and D-serine solutions. For example, a mixture of 2.5 µM

D-serine and 2.5 µM D-alanine generates an iss = 3 pA, compared to an iss < 2.5 pA for pure

solutions of 5 µM D-alanine or D-serine. Subpicoamp currents measured with the sensors

developed in this chapter are relevant in comparison to subpicoamp currents measured with

larger biosensors of alternative architectures. In this work, changes in subpicoamp currents

correspond to different analyte concentrations compared to the latter where they correspond
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to noise or measurement artifacts. The iss increase is attributed to substrate specific reaction

velocity (SEA) with RgDAAO.63 The results suggest that both amino acids are depleted by

RgDAAO, resulting in increased H2O2 production and making it challenging to attribute

the biosensor response to a single D-amino acid. Consequently, in conditions where D-serine

and D-alanine co-localize, such as the plasma and the pituitary gland, the biosensor may

not accurately quantify a single D-amino acid. Nonetheless, D-serine may still be quantified

in the presence of constant D-alanine levels as evidenced by the linear current increase in

standard D-serine solutions (Figure 2.5B). Indeed, most biological environments do not have

constant or equimolar concentrations of D-alanine and D-serine and the level of one or both

D-amino acids may change following a release process. To simulate time-dependent release,

D-serine and D-alanine were added sequentially instead of simultaneously. The addition of

D-alanine to a D-serine solution increased the iss by more than 100% whereas the addition

of D-serine to a D-alanine solution increased the iss by less than 20% (Figure 2.5C) this

allowing a valid evaluation of D-serine level changes. Hence, constant D-alanine levels enable

quantification of D-serine level changes. Conversely, time-dependent release of both D-serine

and D-alanine do not allow individual D-amino acid quantification.
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Figure 2.5: RgDAAOimmob production of H2O2 from various substrate conditions. A) Biosen-
sor steady state currents (n=3 ±S.D.) for standard solutions of D-serine (yellow), D-alanine
(blue) and equimolar D-serine/D-alanine mixtures (black) in PBS (pH=7.4). B) The steady
state current measured with the biosensor immersed in a solution of 0-25 µM D-serine,
combined with 2.5 µM D-alanine (n=3 ±S.E.M). The response increases linearly despite the
presence of 2.5 µM D-alanine. C) Effect of adding equimolar amounts (2.5 µM) of one -amino
acid to a solution containing the other on the oxidative steady state current. The average
of three measurements is shown ±S.D. The current is normalized to remove the capacitive
contribution from the PBS buffer.

2.4 Conclusion

We report an analytical method (MECA) to characterize the kinetics of H2O2 production

from free and immobilized enzymes using PPD-modified MEs. Using RgDAAO for proof of

concept, we validated the MECA by comparing Km values for RgDAAOfree determined by a

spectrophotometric assay, the Shu and Wilson method and the MECA method. The MECA

method enabled us to study enzyme selectivity differences between free and immobilized

RgDAAO forms. As such, the MECA is a useful tool for the characterization of other non-

redox enzymatic biosensors that rely on quantification of electrochemical products. The

development of such biosensors often employs glutaraldehyde crosslinking of RgDAAO to a
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modified electrode surface.35,37 To assess alternative safe and sustainable crosslinkers such as

poly(ethylene glycol) diglycidyl ether (PEDGE)23, the MECA is used to extract generalized

assessment metrics for various enzymatic biosensor architectures. Thus, the MECA could

be useful to address questions concerning the crosslinking and crosslinker efficiency and

their effect on enzyme activity. We also demonstrate that substrate concentration modifies

enzyme selectivity for free and immobilized RgDAAO: modifications in enzyme selectivity

are advantageous for biosensor application in selective analyte measurements. The effect of

an unwanted D-alanine presence on D-serine quantification was also evaluated showing that

under fixed D-alanine levels, biosensors remain useful for D-serine quantification. Increasing

the pool of methods to characterize immobilized enzymes on solid supports is beneficial

to wide a range of fields, most prominently for biofuel cell and biosensor design. Future

extensions to this work include exploring alternative crosslinker methodologies and the use

of variant enzymes with altered substrate selectivity for improved accuracy in quantitative

D-amino acid in situ measurements.
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Chapter Preface

D-serine has been implicated as a brain messenger with central roles in neural signaling and

plasticity. Disrupted levels of D-serine in the brain have been associated with neurologi-

cal disorders, including schizophrenia, depression and Alzheimer’s disease. Electrochemical

biosensors are attractive tools for measuring real-time in vivo D-serine concentration changes.

Current biosensors suffer from relatively large sizes (≥ 25 µm) making localized cellular mea-

surements challenging, especially for single cell studies.

Chapter 3 presents a robust methodology for the fabrication of a reproducible minia-

turized 10 µm D-serine detecting amperometric biosensorkkkkkk. The miniature biosensor

incorporated yeast D-amino acid oxidase immobilized on a PPD modified 10 µm Pt disk mi-

croelectrode. The biosensor offered a limit of detection of 0.361 µM (RSD <10 %) with high

sensitivity (283 µA cm−2 mM−1, R2 = 0.983). The biosensor was stable for over four hours

of continuous use, demonstrated a storage stability of four days and high analyte selectivity.

Biosensor selectivity was validated with LC-MS and interferences with yeast D-amino acid

oxidase were evaluated using drugs believed to stimulate D-serine release. Ex vivo D-serine

measurements were made from Xenopus laevis tadpole brains, demonstrating the utility of

the biosensors for measurements on living tissue. We observed that D-serine levels in the

brain fluctuate with sensory experience. The biosensors were also used in vivo successfully.

Taken together, this study addresses factors for successful and reproducible miniature biosen-

sor fabrication for measuring D-serine in biological samples, for pharmacological evaluation,

and for designing point of care devices.
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3.1 Introduction

Free D-serine is a commonly occurring D-amino acid, detected in many organisms from bac-

teria to mammals.1,2 In the brain, D-serine is DAAO3,4 and has been identified for its role as a

co-agonist of N-methyl-α-aspartate type glutamate receptors.5–8 D-serine levels are disrupted

in many neurological diseases including schizophrenia, depression and Alzheimer’s disease,

making it an important biomarker of diseased states.9,10 Classical D-serine detection meth-

ods include immunostaining,8 electrophysiology,11 and analytical detection.12 Many of these

tools are indirect, time-consuming, costly, and lack quantitative information.13,14 For exam-

ple, D-serine concentration measurements in biological samples often rely on high-pressure

liquid chromatography15 and liquid chromatography-mass spectrometry (LC-MS)16–18 based

techniques.19,20 While these methods offer high sensitivities, they are costly, require well

trained users and do not allow for real time measurements.21 Biosensors are a relatively low

cost and simple alternative for quantitative D-serine measurements.22–29 D-serine detection

using electrochemical biosensors requires the specific reaction of DAAO immobilized onto a

10 µm PPD-modified Pt ME (Figure 3.1). The reaction of DAAO with D-serine generates

stoichiometric amounts of H2O2, which is oxidizable at the Pt tip under constant potential

application (0.5 V vs Ag/AgCl), as well as hydroxypyruvate and ammonia. Successful detec-

tion of D-serine with respect to sensor miniaturization relies on the rates of 1) mass transport

of D-serine towards DAAO 2) substrate turnover with H2O2 production by DAAO 3) H2O2

diffusion through the permeable PPD layer and 4) H2O2 reaction at the electroactive Pt

surface.
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Figure 3.1: D-serine detection strategy using a disk-shaped amperometric enzymatic. Left:
Mechanism of D-serine detection. Step 1- D-serine reacts with immobilized RgDAAO with
tightly bound flavin adenosine dinucleotide (FAD), and is oxidized into hydroxypyruvate
and ammonia in the presence of oxygen. Molecular oxygen oxidizes FADH2 back to FAD,
producing equimolar H2O2. Step 2- The H2O2 diffuses through the permselective PPD
layer, blocking out interferences (Int.), and is oxidized at the polarized Pt surface. Right:
Schematic representation of the final biosensor tip geometry. Inset: Schematic of full biosen-
sor geometry.

While D-serine sensors of various shapes and sizes have been designed,30–33 there is still

significant demand to further miniaturize these sensors for minimally invasive recordings. We

previously demonstrated larger biosensor application to probe D-serine release from Xenopus

laevis brains where the ventricular and pial surfaces of the optic tectum were exposed to the

biosensor.34 Due to the larger biosensor size, it was not possible to implant the biosensor

directly in the brain of a live intact animal. Improving the ability to more precisely localize

physiological changes in D-serine levels is tied to the spatial resolution of these sensors and

remains vital for studies investigating the mechanisms regulating D-serine release and up-

take. The goal of this work is to demonstrate that miniaturized electrochemical biosensors

may be applied for in vivo D-serine detection in Xenopus as well as for single cell imaging.
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We present the development and comparison of a biosensor that is two orders of magnitude

smaller than previously reported. The stability, sensitivity, reproducibility, optimal storage

conditions and applicability of this biosensor are reported. We also identified pharmaco-

logical drugs thought to simulate D-serine release that interfere with DAAO. Results were

validated using elctrospray ionization (ESI)-LS-MS. To deduce biologically relevant informa-

tion from biosensor application in complex biological environments, Xenopus laevis tadpoles

were used as a vertebrate model, where D-serine has been shown to play an important role

in promoting synapse maturation.35 The biosensor was used ex vivo to determine if D-serine

levels in the tadpole brain fluctuate across the day, a finding recently reported in mice.36

Biosensor application in Xenopus brain confirmed circadian fluctuation of D-serine levels,

especially during light-to-dark transitions when tadpole locomotor activity was found to

be increased. Following biosensor response validation with complementary LC-MS experi-

ments, the first-ever reported biosensor measurement inside the brain of live Xenopus was

performed, suggesting these biosensors as a promising method for studying the mechanisms

underlying D-serine release in Xenopus in vivo as well at the single cell level.

3.2 Experimental Section

3.2.1 Materials and Chemicals

Calcium chloride, calcium nitrate, glucose, HEPES, magnesium chloride, magnesium sul-

fate, potassium chloride, sodium chloride, and sodium bicarbonate were purchased from
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VWR (Mississauga, Canada). All other reagents were purchased from either Fisher Scien-

tific (Ottawa, Canada) or Sigma-Aldrich (Oakville, Canada).

3.2.2 Enzyme Preparation

RgDAAO WT (RgDAAO WT, EC 1.4.3.3) was overexpressed in E.coli cells and purified to

homogeneity as previously reported.37 The final enzyme solution was concentrated to 56.8

mg.mL−1 protein in PBS (0.01 M, pH 7.4) containing 1 % glycerol and 25 mg.mL−1 BSA.

Pure RgDAAO had a specific activity of ≈ 75 U·mg−1 on D-serine based on an oxygen

consumption assay.

3.2.3 Microelectrode Preparation and Characterization

MEs were fabricated according to a published protocol38 using carbon fibre (d=7 or 10 µm)

or platinum wire (d=10 or 25 µm) (Goodfellow, Huntington, U.K.). The glass portion of

the final ME tip was removed with a No.10 surgical scalpel blade (Sigma). The resulting

tip was mechanically polished (240 rpm, 4000 grit Silicon carbide grinding paper, 10 min)

using a TegraPol-25 grinder/polisher (Struers Ltd., Mississauga, Canada) to expose the Pt

disk-shaped surface. The ME was then washed and sonicated in 18.2 MΩ water, 70 %

ethanol, and acetone. The Rg of the MEs was characterized optically using a customized

Axio Vert.A1 inverted microscope. The fabricated electrodes had an Rg between 2-3. The

roughness factor (Rf ) of the MEs associated with the polishing protocol was determined by

cyclic voltammetry in degassed (N2 bubbling) 1M H2SO4 according to a published protocol

(0.02 Vs−1, -0.30 V – 0.75 V vs. commercial saturated mercury-mercurous sulfate reference
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electrode, CH instruments USA).39

3.2.4 Pt Microelectrode Surface Modification and Stability

The Pt surface was coated with 100 mM PPD in PBS (0.01 M, pH 7.4) through cyclic

voltammetry-based electropolymerization (5 cycles, -0.10 V to +1.0 V, 0.10 V s−1). To re-

move residual surface bound monomer, the PPD-ME was cycled in PBS (20 cycles, -0.1 to

0.5 V, 0.10 V s−1). For PPD stability testing, the PPD-ME was subjected to an electrochem-

ical stress test in 100 µM H2O2 for over 300 cycles using cyclic voltammetry. The long-term

stability of the PPD layer under dry storage at 4oC was examined using chronoamperometry

where the response to the oxidation of 10 µM H2O2 (0.5 V) was monitored over a period of

four weeks.

3.2.5 Final Biosensor Fabrication

To fabricate the full biosensor, 2 µL of RgDAAO (56.8 mg mL−1 in 25 mg mL−1 BSA) was

dropcasted onto a PDMS coated glass slide (2-part kit, SYLGARD 184 Silicone Elastomer,

Dow Chemicals). This was done to improve the hydrophobicity of the surface to facilitate

enzyme deposition onto the PPD-ME tip. The PPD-ME was immersed in the enzyme

droplet for five seconds and then removed to dry for 4 min. This was repeated four times

until approximately 0.5 µL of enzyme had adsorbed onto the PPD-ME surface. The biosensor

was then placed in a desiccator containing 10 mL of glutaraldehyde (50 % v/v in H2O) to

vapor crosslink the RgDAAO for 10 min. Null biosensors were produced using the exact same

protocol described above with the exception of the RgDAAO enzyme. The biosensors were
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left in PBS for 20 min to stabilize the electrochemical signal and rehydrate the enzyme/PPD

layers before use.

3.2.6 LC-MS Validation Experiments

For biosensor validation with LC-MS, conditioned medium (CM) from ATP-stimulated ex

vivo brain preparations were derivatized with Marfey’s reagent according to modified version

of a literature protocol.40 Briefly 50 µL of each sample was derivatized with 25 µL 0.5 %

Marfey’s reagent (wt/vol in acetone) and 50 µL 0.125 mol/L anhydrous disodiumtetraborate

(in milli-Q-water) for 30 min at 40oC under drying with a nitrogen steam. The reaction was

stopped by addition of 12.5 µL 4 M HCl. The resulting solution was diluted (1:10) with

eluent buffer (250 mg ammonium formate in 1 L milli-Q-water; pH adjusted to 4.6 with

formic acid). The resulting sample was centrifuged (BioRad, 4000 rpm, 10 mins) and 10 µL

of the supernatant were subjected to LC-MS using electrospray ionization (ESI) in negative

ion mode. MassLynx software, which included QuanLynx (Waters), was used for instrument

control, data acquisition, and data processing to obtain the area under the curve of the peaks

and their retention times. Full instrumentation details are provided in Appendix C.

Chromatographic Conditions.

Samples were chromatographically resolved on Waters BEH C18 UPLC column (130 Å, 1.7

µm, 1x100 mm) using a 4 mM ammonium formate (mobile phase solvent A, pH=4.6)/acetonitrile

(solvent B) system with a linear gradient of 3-100 % solvent B applied over 10 min. The

flow rate was 50 µL/min.
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Mass Spectrometric Conditions.

A triple quadrupole mass spectrometer (Waters) was used in the negative ESI mode. For

analysis, extracted ion chromatograms were generated using the [M-H]1− ion of the dinitrophenyl-

L-alanine-amide (Marfey) adduct of serine (m/z=356.1). Raw m/z values were corrected

with a Leuenkephalin external standard.

3.2.7 Husbandry

All procedures were approved by the Animal Care Committee of the Montreal Neurological

Institute at McGill University in accordance with Canadian Council on Animal Care guide-

lines. Albino Xenopus laevis frogs (RRID:NXR0.0082) were injected with human chorionic

gonadotropin (Sigma) and pregnant mare serum gonadotropin (Sigma) to induce mating.

Eggs were collected and raised in 0.1x Modified Barth’s Solution with HEPES (MBS-H; 88

mM NaCl, 1 mM KCl, 2.4 mM NaHCO3, 0.82 mM MgSO4 7H2O, 0.33 mM Ca(NO3)2, 4H2O,

0.41 mM CaCl2, 10 mM HEPES, pH 7.4). Animals were raised under a 12-h/12-h light-dark

cycle at 20oC until stage 48. All animals were reared under these conditions unless otherwise

stated.

3.3 Electrochemical Experiments

Electrochemical measurements were performed using either an Electrochemical Probe Scan-

ner 3 (ELP3, Heka Elektronik, Lambrecht, Germany, bipotentiostat model PG340) or an



3.3. Electrochemical Experiments 110

Axopatch 200B amplifier (Molecular Devices, Sunnyvale, U.S.A.) enclosed in a Faraday cage

and on a vibration dampening table (Micro 60, Halcyonics, Ames, IA, USA). All potentials

were recorded relative to an in-house fabricated Ag/AgCl QRE at room temperature.38 To

select the potential of H2O2 oxidation in the amperometry experiments, the onset of H2O2

oxidation was determined using cyclic voltammetry (0.10 V.s−1, 0 - 1.0 V, 20 cycles). To

confirm the selectivity of the PPD-ME backbone towards H2O2 over other interferences,

chronoamperometric measurements were performed (+0.5 V vs. Ag/AgCl). To confirm the

effect of drugs used for evoked D-serine release, PPD-MEs were used.

The full biosensor was calibrated in vitro against 0-50 µM D-serine in PBS (0.01 M, pH

7.4) using chronoamperometry (5 min, 0.5 V). Fully fabricated biosensors were also tested

for their storage stability post application in six hour-long experiments. The sensors were

stored either dry or in PBS at 4oC or in PBS and calibrated against standard solutions of

D-serine (0-50 µM, in PBS, pH=7.4).

ELP 3 data was collected at a sampling frequency of 100 Hz and analog filtered (Current:

Bessel 0.067 kHz, Voltage: 10 Hz, Stimulus: 1 kHz, Notch Filters: On). A smoothing digital

filter was applied pre-data processing. All presented potentials are against an Ag/AgCl

QRE.

3.3.1 Brain Preparations and Ex Vivo Measurements

Following anesthesia by immersion in 0.02 % MS222 0.1× MBS-H were dissected out from

stage 48 tadpoles at different times of the day. Five brains were dissected at each time point

and placed in a single Eppendorf with 200 µL artificial cerebrospinal fluid (aCSF), containing
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115 mM NaCl, 2 mM KCl, 3 mM CaCl2, 3 mM MgCl2, 5 mM HEPES, 10 mM glucose, at

pH 7.4. The brains were incubated for 90 min prior to electrochemical D-serine detection.

To explore the effect of ATP stimulation on D-serine release, 1 mM adenosine triphosphate

(ATP) was added to the aCSF prior to incubation.

A separate set of tadpoles were raised in complete darkness for 7-8 days. To study the

effect of light on these animals, a group was subjected to two hours of light. Brains were

dissected from the two groups at the same time and each sample was incubated for 90 min

prior to electrochemical D-serine detection. Prior to electrochemical detection, biosensors

were calibrated in standard solutions of 0-25 µM D-serine.

3.3.2 Recording Xenopus Laevis Tadpole Behaviour

Stage 48 tadpoles were tested individually in 6-well microtiter plates. The movement of each

tadpole was monitored with a DanioVision Observation Chamber for 1 h (Noldus Information

Technology). The experimental set-up provided visible (430-700 nm) and infrared (800-950

nm) light and was manually changed every 10 min to record the behavior in either light or

dark, respectively. Video was recorded from a Basler GenICam (Basler acA1300-60) that

fed into a standard PC (Dell Precision Tower 3620) for real-time tracking. Ethovision XT

13 (Noldus Information Technology) was used to extract locomotion data including distance

travelled and velocity. The sampling rate was 25 frames per second. Statistics were averaged

between the 6-wells over multiple days of experiments (n=5 experiments) monitored at the

same time of day.
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3.3.3 Whole Animal Preparations and In Vivo Measurements

Tadpoles were immobilized by immersion in 0.2 mM pancuronium bromide in 0.1 MBS-H

rearing solution and placed in HEPES-buffered extracellular saline. The animal was pinned

to a Sylgard block and a small incision was made in ventricle space at the caudal optic

tectum to allow for biosensor placement in the brain tissue. While pinned to the Sylgard,

the animal was placed in recording chamber with room temperature aCSF.

A Narishige micromanipulator was used to immerse the biosensor, held at a constant

potential of 0.5 V, in aCSF and away from the animal in the recording chamber. The

biosensor stabilized in aCSF for 10-15 minutes in this configuration prior to implanting

the biosensor into the brain tissue. After 10 minutes of biosensor electrochemical signal

recording in the brain tissue, the animal was simulated with light pulses for 5 minutes.

The electrochemical signal was recorded inside the animal brain for a period of 10 minutes.

Similar experiments were also repeated with null sensors. Close attention was paid to ensure

that the angle and orientation of the biosensor were consistent between experiments.

3.3.4 Data Analysis and Statistics

Data sets were analyzed using Matlab R2016a (Mathworks, Natick, U.S.A.Results). Matlab

was also used to generate figures. Error propagation calculations were performed with in-

house Matlab code. The steady state current (iss) is defined as the maximum current response

at which the current is static. Data are presented as mean ± standard error of the mean

(S.E.M). n values refer to the number of individual experiments. ne refer to the number
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of individual electrodes. Normalized current values (inorm) are presented as blank corrected

currents. Digital filtering of the electrochemical data to remove noise was performed using

a smoothing digital filter on Matlab (Savitzky-Golay).

The limit of detection (LOD) is defined as 3 times the standard deviation of the blank

divided by the slope of the regression line. The limit of quantitation (LOQ) is defined as 10

times the standard deviation of the blank divided by the slope of the regression line. The

relative standard deviation (RSD) is defined as the standard deviation of the mean divided

by the mean value times 100. Comparisons between two groups were performed using the

Student’s t-test (significance level of p < 0.05).

3.4 Results and Discussion

3.4.1 Backbone Biosensor Miniaturization and Characterization

Single mammalian brain cells are between 4-100 µm in diameter.41 Previous electrode designs

for D-serine detection are no smaller than 80-100 µm in diameter post-enzyme immobiliza-

tion, making it difficult to achieve localized single cell measurements.12 Moreover, in vivo

measurements with larger sensors, especially cylindrical-shaped sensors, result in reduced

sensor implantation accuracy42 and increased stress associated H2O2 levels from tissue dam-

age43–45. To explore whether biosensor miniaturization was feasible using the current design,

disk-shaped MEs of different sizes (7- 25 µm) and materials (platinum, carbon) were fabri-

cated according to published protocol.38 While platinum/iridium (Pt/Ir) alloy electrodes are
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also common materials for neural applications as shown in Table B.1, their high costs and

difficulty to pull into smaller wires complicates the development of miniaturized disk-shaped

biosensors.

Reducing the Pt diameter favors biosensor miniaturization (Figure 3.2A) and improves

current densities. Compared to 25 µm bare MEs, 10 µm MEs offered higher characterization

current densities with a ratio of j25/j10=0.360 ± 0.057 (Figure 3.2B). Increased current

density of smaller electrode sizes is attributed to enhanced mass transfer46 and reduced

capacitive current47. Lower capacitive currents are tied to double layer charging and iR

drops which result in reduced time constants and response time.47

To ensure biosensor reproducibility, the roughness factor (Rf ) of the bare MEs was char-

acterized in 1M H2SO4 (Rf= 3.89 ± 0.3). Challenges in increasing surface roughness with

mechanical polishing emerge as the electrode size is decreased48, making it difficult to roughen

electrodes further while maintaining electrode reproducibility.

Moreover, while carbon is an attractive catalytic material due to its low cost and elec-

trical properties49, cyclic voltammograms and chronoamperometric measurements in H2O2

demonstrate limited electrocatalytic activity of carbon towards H2O2 oxidation (Figure B.1).

Pt MEs, surpass carbon electrocatalytic activity towards H2O2 oxidation (Figure 3.2C). CVs

of 10 µm bare Pt MEs in 100 µM H2O2 show a H2O2 oxidation onset potential between 0.5-

0.6 V (Figure 3.2D), also observed with 25 µm bare Pt MEs (Figure B.2). Thus for H2O2

amperometric detection, 0.5 V (vs. Ag/AgCl) was chosen as the oxidation potential.

Electrodeposition of the PPD layer onto the bare Pt MEs (Figure 3.2E) demonstrated

increased PPD layer thickness for the smaller MEs despite using the same electrodeposi-
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tion protocol (5 cycles, 0.10 Vs−1, -0.10 V to 1.0 V)34,50 as confirmed by the surface area

normalized electrodeposition charge ratio (Q25/Q10=0.771). However, reducing the number

of PPD cycles from 5 cycles to 3 cycles did not positively impact the H2O2 sensitivity of

the PPD-modified ME (B). Following PPD deposition, PPD film stress tests of the modi-

fied Pt ME with cyclic voltammetry in 10 µM H2O2 demonstrated high stability to PPD

film delamination (Figure 3.2E). Moreover, electrochemical cleaning post PPD deposition

through cyclic voltammetry in PBS was performed to remove all the residual monomer on

the PPD-modified ME surface (Figure B.3A). When stored for a period of four weeks under

dry conditions at 4oC, the PPD film is stable towards the oxidation of 10 µM H2O2 (Figure

B.3C).

Decreasing the electrode size does not significantly impact its selectivity51 as confirmed

by the PPD-ME response to common neurological interferences tested at physiologically

relevant concentrations (Figure B.4A). While the PPD layer blocks 83 % of the H2O2 signal,

the PPD-ME exhibits a preferential capacity to detect H2O2 amongst the other analytes

tested post-PPD modification (Figure B.4B).

3.4.2 Biosensor Calibration, Detection Reproducibility and Per-

formance Comparison

Although the biosensor backbone was miniaturized and characterized, the eventual success of

the final design was not guaranteed. This is especially true with regards to enzyme loading,

instrument sensitivity and overall biosensor limit of detection. More importantly, robust
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Figure 3.2: Fabrication and characterization of PPD-Pt MEs for H2O2 oxidation. (A) Op-
tical micrographs show side and top views of the larger bare sensor (25 µm Pt) and the
miniaturized bare sensor (10 µm Pt). All scale bars represent 50 µm. B) Characterization of
the Pt MEs in 1 mM FcMeOH C) Cyclic voltammograms representing ME surface roughness
characterizations in 1 M H2SO4. Each cyclic votammogram corresponds to a different ME.
D) Oxidation of 100 µM H2O2 with the 10 µm Pt MEs at 0.10 Vs−1 (blue) and 0.01 Vs−1

(purple). E) Cyclic voltammograms representing the two electron electrodeposition of PPD
on the Pt-ME surface. F) Stress tests of PPD-Pt 10 µm MEs in 10 µM H2O2 (422 cycles).

biosensor fabrication is essential for biosensor reproducibility.

The functionality and reproducibility of the final biosensor for D-serine detection was

evaluated through use of fully constructed biosensors with fresh concentrated RgDAAO and

glutaraldehyde (Figure 3.3A). The full biosensor was fabricated and calibrated against stan-

dard solutions of 2.5 - 50 µM D-serine, a range appropriate for measurements of D-serine

levels in the brain 34 (Figure 3.3B). The LOD of the biosensor was 0.361 µM ± 0.08 (ne

= 7, interelectrode RSD = 6.614 < 10 %). High biosensor reproducibility and robustness

was achieved (82 % success rate, ne = 9) using the final methodology outlined in the exper-
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imental section. Importantly, the biosensor’s linear and stable response was best achieved

by using fresh enzyme and glutaraldehyde. Prolonged enzyme storage (>1 year) and use of

glutaraldehyde solutions not prepared on the day of the biosensor fabrication, led to unstable

and nonlinear behavior (B.5), likely due enzyme loss of activity . The biosensor performance

was also compared to that of previous (25 µm Pt backbone) and commercial designs (DSER

Probe, Sarissa Biomedical) (Figure 3.3C). It is worth nothing that biosensor current re-

sponses decrease significantly with miniaturization34, such that the 10 µm biosensor is the

miniaturization limit of biosensors with the same geometry and design.

To account for different backbone ME geometries and sizes, current was normalized

to surface area and current density was used as a comparison parameter. Although the

biosensor is smaller with respect to surface area, the miniaturized biosensor current density

was similar to that of the 25 µm Pt backbone biosensors. The biosensor sensitivity was 283

± 6 µA cm−2 mM−1 (ne = 7), demonstrating a performance comparable with other electrode

designs (Table B.1).

Moreover, optimal storage conditions for these biosensors was explored through wet and

dry storage at 4oC over a period of four days. Biosensors were calibrated in D-serine standard

solutions each day and the resulting calibration curves are shown in Figure B.6. Wet storage

of biosensors resulted in lack of biosensor stability (Figure B.6A) while dry storage of the

biosensors resulted in a 55.2 % ± 8 % slope decrease over 24 hours of storage. A slope

decrease of 68.0 ± 8 % after 72 hours of storage from the original biosensor calibration curve

slope prior to application and storage was also observed (Figure B.6C).
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Figure 3.3: Biosensor development, in vitro characterization of the biosensor, and comparison
to other designs. A) Schematic illustration outlining the key steps in biosensor fabrication
B) Calibration curves for the steady state current corresponding to 0-50 µM D-serine. I
(pA)=0.223 x C (µM) + 0.537 ; R2=0.983, LOD= 0.361 µM ± 0.08 , LOQ=1.20 µM ±
0.03 (n=7 individual biosensors). C11urrents were measured at constant potential (0.5V).
C) Current density response towards 0-50 µM D-serine was measured with a commercially
available cylindrical biosensor (dashed line), the experimental disk-shaped biosensor (dotted
line) and the miniaturized disk biosensor (solid line).

3.4.3 Biosensor Evaluation of Drug Candidate Inteferences Used

to Evoke D-serine Release

Glutamate, acting on α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) type

glutamate receptors as well as adenosine triphosphate (ATP) and norepinephrine (NE) have

been suggested to activate a second-messenger signaling cascade in the brain that can induce

the release of endogenous D-serine.35,52–55 The ability of AMPA, ATP and NE to drive D-

serine release makes them potentially useful candidates as positive controls when using the

biosensor for endogenous D-serine release detection. However, their use is contingent upon

the absence of any direct interactions with the electroactive Pt portion of the biosensor or
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the RgDAAO enzyme itself, which would produce nonspecific readings.

The biosensor responses in vitro demonstrate that NE, also a redox-active molecule, is

a substrate of RgDAAO as noted by the increased iss representing elevated levels of H2O2

production (Figure 3.4). Similarly, AMPA is a substrate for RgDAAO.RgDAAO has a higher

activity on NE than on AMPA, ruling out NE as a drug to be applied in combination with an

RgDAAO based biosensor. In previous work, AMPA has been used to experimentally evoke

the release of D-serine34 from the brain, but our findings in the absence of animals indicate

that AMPA is a substrate for RgDAAO. In contrast, ATP was not found to generate a redox

signal on its own or to promote production of H2O2 in the presence of RgDAAO enzyme,

making it well suited for stimulation of endogenous D-serine release when using biosensors.

Figure 3.4: Activity of RgDAAO on pharmacological drugs A) Chemical structure of tested
molecules substrates of RgDAAO. ATP is not a substrate for RgDAAO reaction due to the
large molecule size and structural dissimilarity of ATP. B) A PPD-Pt ME as used to explore
the effect of pharmacological drugs on the RgDAAO enzyme (0.142 mg mL−1) as compared
to D-serine effect on RgDAAO. The steady state current was measured at 0.5 V in plain
PBS (pH 7.4), after addition of the drug and of 0.142 mg mL−1 RgDAAO (n=3, ± S.E.M.).
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3.4.4 Biosensor Validation by LC-MS

To validate biosensor results, the evoked release of D-serine was measured with a biosensor

as well as with LC-MS. Brains of stage 48 Xenopus tadpoles were dissected and five brains

were incubated in 1 mM ATP in aCSF for 90 minutes to evoke D-serine release followed by

parallel D-serine detection with LC-MS and a D-serine biosensor (Figure 3.5A).

An aliquot of the brain conditioned medium (CM) was derivatized with Marfey’s reagent

and subjected to chemical analysis by LC-MS. The derivatization protocol is shown in Fig-

ure 3.5B. Extracted ion chromatograms of derivatized extracts are compared against chro-

matograms for aCSF (Figure 3.5C), clearly indicating the presence of Marfey adducts of

both L-serine (5.18 min) and D-serine (5.38 min) in the samples (m/z = 356.1). Under the

same conditions, the retention time of an authentic standard of Marfey-derivatized D-serine

was found to be 5.38 min (Figure 3.5D). Using this standard, a calibration curve was con-

structed for LC-MS quantitation of derivatized D-serine by correlating the area under the

extracted ion chromatogram peak to D-serine concentration. Two independent linear ranges

were observed for D-serine calibration curves obtained with LC-MS. The LC-MS calibra-

tion for concentrations ranging from 6.125 - 100 µM was used to determine the D-serine

concentrations in the samples (Figure 3.5E). In addition to D-serine detection, the same

methodology can be simultaneously applied for detection of additional amino acids using

Marfey’s derivatization (Figure B.7). Table B.2 lists several literature LC-MS methods used

for the detection of amino acids, highlighting the extensive time required for sample prepara-

tion and amino acid detection as compared to biosensor detection which requires no sample
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preparation.

The same sample was analyzed for D-serine by amperometric detection (Figure 3.5F):

the estimated values (7.49 µM vs. 8.69 µM for the LC-MS vs. biosensor) showed a 15 %

difference between the two quantification methods. These results validated the biosensor

measurements since the LC-MS method is not significantly affected by any of the known

interferences that could alter the amperometric responses.
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Figure 3.5: D-serine biosensor validation through detection of evoked D-serine release. A)
Schematic of the experimental methodology used for biosensor validation. B) Schematic
of the derivatization protocol with Marfey’s reagent. C) LC-MS detection of ATP evoked
D-serine release. Two samples each with five dissected brains were incubated in 1 mM
ATP in aCSF for 90 min. An aliquot from each sample was extracted for derivatization
with Marfey’s reagent and 10 µL was subjected to LC-MS for detection. The extracted
ion chromatograms corresponding derivatized aCSF (top), ATP-infused sample 1 (middle)
and ATP-infused sample 2 (bottom) are shown. In the two ATP-infused brain samples,
two separate peaks appear (from left to right): one for L-serine and one for D-serine. D)
Extracted ion chromatograms corresponding to the LC-MS peaks for D-serine detection.
The increasing intensity of the peaks corresponds to increasing D-serine concentrations.
E) Calibration curve for LC-MS detection of derivatized standard D-serine solution where
two linear ranges are present (0-1.5 µM and 6.25-100 µM). Calibration curve duplicates
were run, one before D-serine detection with LC-MS and one following LC-MS D-serine
detection. Inset: Calibration curve for the lower end of the linear range between 0-1.5 µM.
F) Comparison of biosensor results (8.69 µM) with LC-MS detection of D-serine release (7.49
µM) of D-serine release under ATP stimulation.
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3.4.5 Measurement of D-serine from Xenopus Brain Preparations

Prior to real-time in vivo D-serine detection, it was essential that the biosensor performance

in a less complex biological environment be studied. As such, the biosensor was applied ex

vivo to measure D-serine release from Xenopus. Previous research in mice provided evidence

for D-serine level fluctuation as a function of wakefulness.36 In particular D-serine levels were

found to be highest after a full day of being awake. Here, we used the biosensor to explore

whether a similar phenomenon exists in Xenopus tadpoles.

Stage 48 animals were sampled randomly from a group of animals raised under 12 h

/12 h light-dark cycle for 7-8 days. To mitigate biosensor LOD, five brains were extracted

and pooled to constitute a single sample and placed in a single Eppendorf with 200 µL

room temperature aCSF. D-serine levels were measured with the biosensor in brain samples

collected at various time points throughout the day (Figure 3.6A).

D-serine levels were measured following a 90-minute incubation period of the brains in

the oxygen saturated aCSF. Previously calibrated biosensors were used as D-serine probes in

the brain-conditioned aCSF (Figure 3.6B). Biosensors were calibrated in standard solutions

of D-serine before and after D-serine detection experiments, demonstrating an operational

lifetime of at least 4 h of continuous use (Figure B.8). Experiments with the null sensors

were also performed to exclude the contribution of false positive signals in biosensor D-serine

detection (Figure B.9). In this work, D-serine levels fluctuations as a function of Zeitgeber

Time (ZT) were studied. Herein, ZT represents the light-driven environmental time cue

which trigger Xenopus entrainment to a 24-hour cycle. Figure 3.6B shows a representative
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result from the biosensor measurements at ZT2 and ZT5.

Comparison of D-serine levels at different dissection times reveals that D-serine levels

fluctuate over a 24 h period (Figure 3.6C). D-serine levels were highest early in the light

phase (ZT2) but rapidly declined until ZT5. D-serine levels were also high at the beginning

of the dark phase (ZT14). In particular, significant elevations in D-serine levels were apparent

during the initial switch from light-to-dark (ZT2) and dark-to-light (ZT14). Tracking the

tadpole’s behavior during transitions from dark to light revealed that tadpoles exhibited a

higher level of swimming activity during this transition period (Figure 3.6D) consistent with

the possibility that D-serine levels may increase as a function of wakefulness or locomotor

activity.

To further explore the effects of light on D-serine level changes, tadpoles were raised

in darkness until they reached developmental stage 48 for 1 week. One group of animals

was then exposed to light for 2h between ZT0 and ZT2, while another group remained in

darkness. D-serine detection from samples at ZT2 shows that D-serine levels are higher in

the group of animals exposed to 2 h of light (Figure 3.6E). These results suggest that the

increase in D-serine levels measured after the transition from dark to light is likely due at

least in part to an increase in light-driven activity.

Moreover, ATP has been shown to activate calcium transients in astrocytes that induce

transmitter release by binding to P2Y1 purinergic receptors.56 To test whether D-serine

release is evoked by pharmacological stimulation of ATP, 5 brains were incubated for 90 min

1 mM ATP at ZT 5. D-serine levels from the animal groups incubated in ATP are higher

than any light driven D-serine release (Figure 3.6F), supporting the proposed role of ATP
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in D-serine release mechanisms, validated with complimentary LC-MS data at ZT5 (Figure

B.10). A third group used pharmacological stimulation by incubation in 1 mM ATP at ZT

5 to activate D-serine release.

Figure 3.6: Ex vivo detection of D-serine release over a light-dark schedule A) Schematic of
experiment protocol. B) Sample experiment. Unhighlighted portions represent the biosensor
response in unconditioned aCSF. The highlighted portions represent the biosensor response
in the brain-conditioned aCSF medium (CM). Expanded plot shows the difference in the
current measured with the biosensor at ZT 2 and ZT 5 corresponding to a variation in D-
serine levels. C) D-serine measurements in ZT0.5, ZT2, ZT5, ZT10, ZT14 and ZT22 CM (n
≥ 3). Error bars represent ± S.E.M. D) The average mean velocity of swimming in cm·s−1

of 5 independent experiments done with 6 tadpoles separately housed in a 6 well dish (n=30).
Tadpoles were allowed to stabilize behavior for 10 min and then mean velocity was sampled
every 30 seconds for alternating 10 min light and dark conditions. The dotted grey lines
represent the average mean velocity ± S.D. E) D-serine measurements at ZT2 in CM from
animals raised in complete darkness and then either kept in darkness (n=3), or exposed to
light (n=2) for the 2 h immediately prior to sacrifice. Each point represents an individual
measurement. F) D-serine measurements at ZT 5 in CM from animals raised under a 12 h
L/ 12 h D schedule without (n=4) or with (n=2) the addition of 1mM ATP at the beginning
of brain samples incubation in aCSF. Each point represents an individual measurement.
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3.4.6 Biosensor Application In Vivo

Following successful biosensor ex vivo D-serine release studies, biosensor application in an

increasingly challenging in vivo context for real-time local D-serine detection was explored.

Biosensors were inserted into the optic tectum of intact tadpole animals. Following sensor

stabilization and calibration in the perfusion chamber under animal absence, chronoamper-

ometric recordings in Xenopus were performed to measure in vivo D-serine levels (ne=4). A

representative calibration curve in the perfusion chamber is shown along with the in vivo

experiments (Figure 3.7A, Figure B.11). The in vivo LOD of the biosensors is 0.7 ± 0.2

µM. Under application of 0.5 V, the biosensor was allowed at least a 10 min stabilization in

aCSF in the recording chamber away from the animal. The biosensor was then implanted

into the ventricle space surrounding the Xenopus optic tectum (Figure 3.7B) and a 10 min

baseline was measured. The ventricular space adjacent to optic tectum is a convenient loca-

tion to measure extracellular D-serine levels without significant damage to the neural tissue.

Subtraction of biosensor signal from the null signal resulted in the quantification of 3.73

± 0.8 µM D-serine (Figure 3.7C). This amount may be attributed to passive diffusion of

small molecules possibly assisted by the incision made in the optic tectum. Notably, video

monitoring of blood flow and heart beat confirmed that the animals remained alive after the

insertion of the sensor into the brain. As such, these experiments demonstrated successful

biosensor application in vivo for real time D-serine detection enabling future work in single

cell measurements of D-serine release.
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Figure 3.7: In vivo detection of D-serine inside the optic tectum of stage 48 Xenopus laevis
tadpoles. Currents were measured at constant potential (0.5 V). A) Standard solutions
of D-serine (0-20 µM) were flushed into the measurement chamber in the absence of the
animal to calibrate the biosensor in vivo (t =20-30 min). B) Optical microscope image of
the biosensor inserted inside the tissue of the optic tectum of an Xenopus laevis tadpole
(Scale bar =100 µm. C) Detection of D-serine in the ventricular space representing D-serine
in the cerebrospinal fluid in vivo. The difference in the current between the biosensor and
the null was used to determine D-serine concentration. Inset: A concentration of 3.73 ± 0.8
µM D-serine was detected. Error bars represent the standard error of the mean.

3.5 Conclusion

We successfully miniaturized D-serine detecting biosensors and established their biosensing

limits with regards to selectivity, sensitivity, reproducibility, stability, and practical appli-

cability. This is the first report, to our knowledge, combining a comprehensive summary

of sensor development, miniaturization, characterization as well as successful application for

D-serine detection ex vivo and in vivo at the micromolar level. This study now paves the

way for future application in other animal models to study D-serine at the molecular level

under physiological and pathological conditions. In addition to biosensor characterization,

we showed the importance of evaluating the biosensor against any pharmacological drugs

prior to their application for evoked D-serine release, identifying ATP as a candidate for
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application in biosensor studies to evoke D-serine release. More importantly, we also vali-

dated the hypothesis that D-serine release is a process tied to tadpole alertness and activity

using a combination of biosensor D-serine detection and behavioral activity tracking exper-

iments. Biosensor application ex vivo demonstrated that D-serine levels fluctuate between

1-5 µM depending on the time of the day, with the highest levels being during the initial

switch from light to dark and dark to light. Tadpole locomotion experiments demonstrate

that tadpole activity is highest during initial switches in light, suggesting that D-serine lev-

els rise with increased Xenopus activity. Additionally, D-serine measurements from intact

Xenopus demonstrated the first measurements of D-serine made in live Xenopus with en-

zymatic biosensors, without the need for brain preparation to expose cells to the biosensor.

Currently, the future of these sensors includes extensive application in vivo for detection of

sensory evoked D-serine as well as single cell D-serine release studies.
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Chapter Preface

DAAO enzymes bind a range of D-amino acids with variable affinity. As such, the design

of selective DAAO-based enzymatic biosensors remains a challenge for real-world biosensor

application. In Chapter 4, a methodology for developing biosensors with varying substrate

selectivity is presented. Challenges with DAAO-based biosensor selectivity towards D-serine

are addressed by introducing point mutations into DAAO using rational design. The variants

human DAAO W209R and yeast DAAO M213G were characterized for their selectivity

and activity towards D-serine and D-alanine, the preferred DAAO substrates. The DAAO

enzymes were also immobilized for final biosensor design, where they demonstrated selectivity

comparable to free DAAO. By studying the impact of crosslinking on immobilized enzyme

structure, an simple biosensor strategy was developed.

The work presented in this chapter is reproduced from:

Publication Information: The text in this chapter is reproduced from: Moussa, S.,

Murtas, G., Pollegioni, L., Mauzeroll J., Enhancing Electrochemical Biosensor Selectivity

with Engineered D-amino acid Oxidase Enzymes for D-serine and D-alanine Quantification,

ACS Applied Biomaterials 2021,4(7),5598-5604.
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4.1 Introduction

D-amino acids are increasingly reported for their roles in kidney function1 and brain synap-

tic transmission regulation.2 Altered D-amino acid levels, namely D-serine and D-alanine,

are associated with disease prevalence such as kidney diseases3,4, schizophrenia5 and can-

cer6,7, making D-amino acids potential disease biomarkers8,9. To monitor and understand

the role of D-serine and D-alanine in disease diagnosis5, management10 and treatment11,

rapid online tracking of D-amino acid levels is essential. The most employed method for D-

amino acid detection is chromatography.12–15While useful for trace analyte detection, chro-

matography entails extensive sample preparation, long detection times, and requires regular

maintenance.14,15 For clinical implementation, alternatives to chromatography should employ

low-cost, rapid and high-throughput measurements.16 Biosensors are viable low-cost alter-

natives for analyte detection and quantification.17 However, remaining improvement areas

in biosensor design include analyte sensitivity and selectivity. We previously demonstrated

the application of DAAO biosensors for in vivo D-serine measurements.18,19 These biosensors

rely on DAAO surface immobilization onto a PPD-ME. DAAO is responsible for D-serine

and D-alanine catalysis into equimolar amounts of hydrogen peroxide (H2O2),20,21 which is

oxidized at the polarized Pt surface (0.5 V). In practical application of D-serine biosensors,

DAAO must preferentially detect D-serine amongst other substrates, especially in samples

where D-alanine may also be present. RgDAAO is the classical enzyme used to develop

DAAO-based biosensors. Using RgDAAO WT-based biosensors, both D-alanine and D-

serine are detected simultaneously.18,22,23 To increase DAAO-based biosensor selectivity and
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sensitivity, we use DAAO from different sources (variants) generated via protein engineering

to produce biosensors with a range of analytical detection properties. DAAO variants share

the same catalytic and kinetic mechanism (Figure 4.1)while the rate constants associated

with individual steps vary. Thus, kinetic constants for D-serine and D-alanine oxidation are

impacted.

Figure 4.1: Kinetic mechanism of DAAO enzymes.20,21 The reaction can follow two kinetic
mechanisms, i.e. ternary complex or ping-pong mechanism. AA, FADox, FADred, and IA
correspond to D-amino acid, oxidized FAD, reduced FAD, imino acid respectively. The rate
constants for single steps depend on the DAAO enzyme type.

Using different DAAO enzymes (wild-type, RgDAAO M213G24,25 and the W209R vari-

ant of the human counterpart (hDAAO)24,25, we report the successful fabrication of three

different biosensors with variable D-serine: D-alanine selectivity. Improving the detection

properties of DAAO-based biosensors enable increased D-serine and D-alanine quantification

accuracy. Moreover, we explore the mechanism in which immobilization impacts biosensor

performance, noting that significant structural changes occur due to enzyme crosslinking.

Finally, a unique biosensor strategy that increases biosensor lifetime is presented and the
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mechanism behind the regeneration principle is discussed.

4.2 Experimental Section

4.2.1 Materials and Chemicals

Chemicals

All reagents were purchased from Fischer Scientific or Sigma-Aldrich unless otherwise noted.

All solutions were prepared using Millipore MilliQ water (18.2 MΩ·cm−1).

Enzyme Preparation

Recombinant RgDAAO WT (RgDAAO, EC 1.4.3.3) was prepared as reported in literature.26

Briefly, recombinant RgDAAO WT was expressed using the pT7-HisDAAO expression vec-

tor. Enzyme variants were selected by rational design. Recombinant RgDAAO M213G

variant was expressed using the pT7-HisDAAO M213G expression vector.25 Recombinant

hDAAO W209R was expressed using the pET11b-His hDAAO W209R expression vector.27

Recombinant enzyme variants were produced in BL21(DE3)pLysS E.coli cells and purified to

>90% purity. Enzymes were characterized using standard polarographic assays (0.253 mM

O2, 25oC) with 28 mM D-alanine in 50 mM sodium pyrophosphate, pH 8.5 (containing 40

µM FAD for hDAAO W209R).28 One enzyme unit is defined as the amount of enzyme that

converts 1 µmol of D-amino acid per minute at 25oC. Substrate specificity was investigated

by a spectrophotometric assay based on detection of hydrogen peroxide production using a
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coupled assay with peroxidase and o-dianisidine (o-DNS, ε=13 mM−1cm−1).28 Pure enzymes

were concentrated, stored in BSA and 1% glycerol, characterized using activity assays and

then used for the development of D-amino acid detecting biosensors (Appendix C).

4.2.2 Biosensor Calibration, Storage and Regeneration

In vitro calibrations in 0-50 µM D-serine or D-alanine in PBS (0.01 M, pH 7.4) were obtained

using chronoamperometry (15 min, 0.5 V vs. Ag/AgCl). Biosensors were stored at -20oC dry.

To test storage stability, biosensors were removed from storage, left for 10 minutes at room

temperature in PBS and calibrated using D-serine standard solutions (0-50 µM). Biosensor

regeneration involved the immersion of the biosensor in a solution of 1 mM D-serine for 30

s under constant potential application (0.5 V). The biosensor response was then calibrated

in standard D-serine solutions. The pre- and post-regeneration calibrations were compared

to quantify the impact of regeneration on the biosensor signal.

4.2.3 Characterizations of Free and Crosslinked RgDAAO

Free and crosslinked RgDAAO were characterized using multiple characterization methods.

Transmission electron microscopy (TEM) images were acquired using a Brightfield Philips

CM200 TEM at 200 kV. Circular dichroism (CD) spectra were recorded at 25oC on a Jasco

J-810 spectropolarimeter using a 1 cm path length cuvette. Infrared spectra were measured

using a Fourier transform infrared (FTIR) spectrometer (Bruker) with attenuated total re-

flectance (ATR). A dynamic light spectrometer (DLS, Brookhaven instruments) was used

to measure the particle size dispersion. Spectrophotometric measurements were performed
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using a thermostated UV/Vis spectrophotometer (V-560, Jasco) at 25oC. Detailed experi-

mental methodology on the characterization methods is presented in (Appendix C).

4.2.4 Data Preprocessing, Analysis and Statistics

All experimental data presented is the mean of triplicate measurements unless otherwise

stated. Error bars represent the standard error of the mean (±, SEM). Data was analyzed

on either Excel 2013 or Python 3.7 and treated in Python 3.7. Error propagation calculations

were performed on Python 3.7. All electrochemical signals were blank (PBS) signal corrected,

resulting in inorm. To generate the calibration curves, the steady state signals from noise-

filtered data was extracted at each concentration and fit to a linear regression line. The

sensitivity was calculated from the slope of the regression fit. Selectivity towards D-serine

was calculated as follows:

SelectivityD−ser = SAdesiredproduct
SAundesiredproduct

x100 = SAD−ser

SAD−ala
x100 (4.1)

where SA is the specific activity of the selected D-amino acid.
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4.3 Results and Discussion

4.3.1 DAAO Selection Strategy, Expression and Characterization

Based on their reported kinetic properties for the free enzyme (Table 4.1),20,21,24,27 three

DAAO enzymes were selected to develop biosensors with increased D-serine selectivity. Wild-

type hDAAO (hDAAO WT) has a higher D-serine:D-alanine turnover ratio (0.58) than the

control RgDAAO WT (0.48). The hDAAO W209R (0.61) has a higher turnover for both

D-amino acids. However, the M213G variant of RgDAAO, previously identified as a DAAO

variant with improved catalytic activity on unnatural substrates, presents the highest D-

serine:D-alanine turnover ratio (1.37).24,25 The selectivity and activity of DAAO enzymes

were assessed via spectrophotometric activity assays on D-serine, D-alanine and glycine

(Figure 4.2A). The SEM of the enzyme activities are also presented in Figure 4.2B. While

all enzymes have negligible activity on glycine (Figure 4.2A, 1mM), enzyme activity towards

D-serine and D-alanine varies with substrate concentration (as a result of different Km,app

values). The substrate concentration-dependent enzyme activity affects the D-serine and

D-alanine specificity of the enzyme. At saturating substrate conditions (25 mM), hDAAO

W209R has the highest D-serine selectivity whereas at 0.1 mM, hDAAO W209R D-serine

selectivity drops from 70% to 3% (Figure 4.2C).

While not possible to assay activity at substrate concentrations lower than 0.1 mM due

to o-DNS assay sensitivity limitations, the results at 0.1 mM (a concentration in the higher

range of in vivo biosensor application) indicate that RgDAAO M213G is the most D-serine
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Table 4.1: Apparent DAAO kinetic parameters at 25 oC, pH=8.5.

Enzyme D-Ala kcat (s−1) D-Ser kcat(s−1) D-Ser:D-Ala turnover ratio Ref.

hDAAO WT 5.2 3.0 0.58 21

RgDAAO WT 85 40.7 0.48 20

hDAAO W209R 11.8 7.2 0.61 27

RgDAAO M213G 4.9 6.7 1.37 24

selective enzyme amongst the tested enzymes (Figure 4.2C). The superior RgDAAO M213G

selectivity suggests the potential of its incorporation into biosensor design for enhanced

D-serine detection as compared to previously published DAAO biosensors.18,29,30

Figure 4.2: Characterization of RgDAAO WT, RgDAAO M213G and hDAAO W209R Using
the spectrophotometric assay (pH 8.5). A) Specific activity (U mg−1) values for the enzymes
at various substrate concentrations of D-serine, D-alanine or glycine. B) SEM values for the
specific activities as reported in panel A. C) Selectivity of enzymes towards D-serine over
D-alanine. Error bars represent mean values ±S.E.M.
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4.3.2 DAAO Variants for Biosensor Development

Characterization of the free enzymes highlighted the potential of RgDAAO M213G use for

biosensor development. Yet, to fully compare RgDAAO M213G performance against other

DAAO enzymes in the final biosensor architecture, the enzymes were used to build indi-

vidual biosensors. DAAO enzymes were immobilized on individual PPD-Pt MEs. Initial

attempts of hDAAO W209R biosensor development were unsuccessful (Figure C.2). As

such, we established that enzyme concentrations > 40 mg·mL−1 are essential for biosensor

design success (Figure C.2A,D). Another factor important for biosensor success is the pres-

ence of FAD. RgDAAO WT and RgDAAO M213G show high FAD binding affinity (Kd =

2 x 10−8 M for RgDAAO WT)21,25,31 resulting in a tightly bound FAD which assures the

presence of the active holoenzyme during enzyme immobilization. Conversely, hDAAO has

a weak FAD binding affinity (Kd= 2 x 10−6)32,33, making its exogenous presence required in

biosensor design to avoid the production of the inactive apoprotein form. Although FAD co-

immobilization with hDAAO W209R was ineffective at generating a linear calibration curve

(Figure C.2C), the presence of exogenous FAD (100 µM) in calibration solutions yielded

linear calibration curves (Figure C.2B,D). Biosensors were produced using enzyme concen-

trations of 56.8 mg·mL−1, 48 mg·mL−1, 45 mg·mL−1 for RgDAAO WT, RgDAAO M213G

and hDAAO W209R, respectively. Calibrations of all biosensors in standard D-serine and

D-alanine solutions (Figure 4.3) indicate that each biosensor differs in selectivity and sensi-

tivity towards D-serine and D-alanine (Table 4.2). Calibration curve regression parameters

are listed in Table C.1. Defining RgDAAO WT’s response to D-alanine as 100%, the relative
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response of all three biosensors towards D-serine and D-alanine is compared at 50 µM (Ta-

ble 4.2). As seen in the calibrations in (Figure 4.3), the hDAAO W209R biosensor surpasses

the performance of the other biosensors with respect to substrate response at 50 µM (D-

ser: 80%, D-ala: 213%). Additionally, the hDAAO W209R bio-sensor supersedes the other

biosensors in sensitivity (D-ala: 291 pA mM−1) and D-alanine selectivity (62.4%, Table 4.2).

Although the greatest in current response, sensitivity, and selectivity when immobilized, the

activity of free hDAAO W209R on D-serine and D-alanine is the lowest amongst other en-

zymes. The difference between free and immobilized hDAAO W209R responses suggests a

strong impact of immobilization on enzyme behavior.

Table 4.2: Biosensor calibration parameters for the various DAAO enzymes variants.

RgDAAO WT RgDAAO M213G hDAAO W209R

D-Ser D-Ala D-Ser D-Ala D-Ser D-Ala

Sensitivity (pA mM-1) 89.5 ± 1.52 154 ± 2.23 104 ± 5.61 117 ± 6.12 143 ± 3.42 291 ± 6.54

Relative response at 50 µM (%) 63 ± 2.4 100 ± 0.30 80 ± 2.4 82 ± 4.2 80 ± 3.5 213 ± 5.3

D-Ser Selectivity (%)

Biosensor 63 ± 3.10 97.6 ± 1.75 37.6 ± 2.25

Free DAAO (100 µM) 20 ± 1.14 55 ± 6.29 3 ± 0.21

Additionally, both free and immobilized DAAO follow a similar trend for D-serine selec-

tivity. Both DAAO forms demonstrate that RgDAAO M213G has the greatest selectivity

(55% free, 97.6% biosensor), followed by RgDAAO WT (20% free, 63% biosensor), and finally

hDAAO W209R (3% free, 37.6% biosensor). The selectivity trend is consistent with that

observed in free DAAO enzyme in 0.1 mM substrate. The results suggest that the free en-

zyme selectivity ratio at low substrate concentrations is a predictive parameter of biosensor

selectivity. Thus, by characterizing free enzyme activity in the concentration range relevant
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to biosensor application, costs associated with enzymatic biosensor optimization are reduced.

The biosensor performance may also be easily predicted. Moreover, to evaluate the long term

enzyme stability following immobilization, biosensors were stored at -20oC. After two weeks

of storage, biosensors were calibrated and generated linear calibration curves with almost no

change in the slope for hDAAO W209R. The sensitivity of RgDAAO M213G and RgDAAO

WT, on the other hand, was impacted (Figure C.3 and Table C.2).

Figure 4.3: RgDAAO WT (A), RgDAAO M213G (B) and hDAAO W209R (C) biosensor
calibration in standard solutions of 0 – 50 µM D-serine and D-alanine. Error bars represent
± S.E.M, (n=3). The shaded area represent 95% confidence interval regions.

4.3.3 Immobilization Impacts DAAO Biosensor Performance

Biosensor performance is dictated by enzyme-structure function relationships in the enzyme

layer. The structure-function relationships are impacted by enzyme packing density and

solvent accessibility. In our biosensors, the DAAO layer represents a mixture of crosslinked

DAAO and BSA aggregates. BSA is a highly hydrophilic protein used to stabilize enzymes.34

BSA presence has no observed effect on enzyme activity (Table C.3).

It is, however, the inter-enzyme differences that explain the reason behind hDAAO-
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biosensors surpassing the performance of other biosensors. Free RgDAAO is a homodimer

with head-to-tail inter-actions between the monomers .35 (Figure 4.4A), whereas free hDAAO

exists as a homodimer with head-to-head interactions between the monomers (Figure 4.4B).36

RgDAAO is more hydrophilic than hDAAO (Figure 4.4A vs B), and RgDAAO has more polar

contacts than hDAAO.

When immobilized onto the surface, and in comparison to RgDAAO, the water molecules

are not as tightly packed between the hDAAO enzyme molecules, creating a larger effective

enzyme concentration (Figure 4.4C). The increased hDAAO effective concentration occurs

due to a concept known as molecular crowding, a common biological phenomenon, occurring

typically in cells. Molecular crowding may affect the enzyme stability, packing density, and

oligomerization state.37–39 As a result of molecular crowding and increased hDAAO stability,

H2O2 production from the enzyme reaction rises and H2O2 diffusion towards the bio-sensor

surface increases. As such, although the activity of free hDAAO is significantly lower on both

D-serine and D-alanine than RgDAAO (Table C.1), hDAAO biosensors offer better limits of

detection and sensitivities.

In addition, structural changes which occur with glutaraldehyde crosslinking impact the

immobilized enzyme behavior. Taking RgDAAO WT for instance, CD spectra in the near UV

range (Figure C.4) suggest structural changes upon enzyme crosslinking. The CD spectral

signals likely corresponding to phenylalanine (270-290 nm) and tryptophan (280-300 nm)

residues vary between the free and the solution crosslinked DAAO. Moreover, ATR-FTIR

spectra of glutaraldehyde, free RgDAAO WT and crosslinked RgDAAO WT demonstrate

differences between the three samples (Figure C.5). The spectra for free and crosslinked
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RgDAAO WT demonstrate changes in peaks for selected functional groups for the latter

RgDAAO form. The main distinctions can be made in four spectral regions: 3800-3300 cm−1

(O-H stretch), 3000-2800 cm−1 (C-H stretch) ¬, 1700-1500 cm−1 (N-H bend, C=C stretch),

and 1450-1000 cm−1 (fingerprint region). Hence, it is evident that enzyme crosslinking alters

certain enzyme functional groups, resulting in enzyme structural changes and impacting

enzymatic biosensor performance.
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Figure 4.4: Structural representations of RgDAAO WT and hDAAO WT and their inter-
actions with surrounding non-bonded solvent molecules. The figures were prepared with
PyMOL. A) Crystal structure of RgDAAO WT (dimer); the black dots correspond to the
non-bonded water molecules (PDB code: 1C0P). RgDAAO has a calculated 47.9% solvent
ac-cessible surface area. B) Crystal structure of dimeric hDAAO WT; the black dots cor-
respond to the non-bonded water molecules (PDB code: 2DU8). hDAAO is slightly more
hydrophobic than RgDAAO with a 43.0% solvent ac-cessible surface area. C) (1) Effect of
RgDAAO enzyme immobilization onto the microelectrode surface resulting in low crowding
and allowing for the diffusion of both H2O2 and H2O through the PPD layer. (2) Effect of
hDAAO immobilization onto the microelectrode surface resulting in high crowding and low
level of solvent molecules pre-sent near the electrode surface: this allows for the diffusion of
only H2O2 produced by the enzyme close to the PPD layer.

4.3.4 Biosensors are Regenerated with a Simple Strategy

For practical applications, biosensors must be easily regenerated after use. Regeneration

is achievable through several mechanisms such as thermal heating, manual polishing, and
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chemical regeneration.33 Chemical regeneration is the most widely used approach for biosen-

sor regeneration taking advantage of enthalpic and entropic changes in solvent environment.

Changes in the solvent environment include ionic strength, pH and the presence of competitor

ions, possible through the use of regeneration buffers and acidic solutions.33–35

Using RgDAAO WT as a prototype for DAAO biosensors, a novel biosensor regeneration

strategy was developed. The biosensor was placed in a solution of 1 mM D-serine for a period

of 30 s under simultaneous potential application to oxidize H2O2 (0.5 V) (Figure 4.5A). The

biosensor was regenerated and the electrochemical signal was also amplified. Regeneration

resulted in a 2.5-fold amplification of calibration curve steady-state currents (Figure 4.5B).

The linear range is similar for pre and post-regeneration calibrations (Table C.4).

To explain the regeneration behavior, the biosensor electrochemical response was further

explored. Immersed in 100 µM of substrate in PBS buffer, a steady current response is

observed with the biosensor (Figure 4.5C, top). Immersed in 1 mM of substrate, steady

state current is also initially observed. However, after a period of 100 – 200 s a sudden

burst in product formation occurs, characterized by over a 10-fold increase in the oxidation

current (Figure 4.5C, bottom). The biosensor response at different substrate concentrations

suggests microenvironment changes within the bio-sensor vicinity due to elevated H2O2 and

H+ ion levels around the enzyme layer (H+ is the byproduct of H2O2 oxidation at the

microelectrode surface), resulting in molecular crowding. The The PPD layer rejects 70-

80% of the H2O2 produced from diffusing towards the platinum sites.18 As such, H2O2

and H+ ion presence induce a pH change in the microenvironment of the enzyme layer,

affecting both BSA and RgDAAO tertiary conformation and spatial arrangement on the ME
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surface.40 In solution, the electrochemical behavior of free and crosslinked RgDAAO WT

is dissimilar to that of the biosensor, further supporting the presence of microenvironment

changes only at the biosensor’s enzyme-PPD interface (Figure C.6). Moreover, dynamic light

scattering (DLS) measurements of free and crosslinked RgDAAO in the presence of 1 mM D-

alanine demonstrate aggregation and larger particle diameters for crosslinked RgDAAO WT

(Figure 4.5D). Comparison of TEM images of crosslinked RgDAAO incubated in D-alanine

also demonstrate enzyme aggregation: the degree of aggregation, size, and morphology are

tied to the D-alanine concentration (Figure 4.5E,F). Energy-dispersive X-ray spectroscopy

(EDS) analysis confirmed the presence of protein in the darker regions (Figure C.8). The

increased aggregation of crosslinked RgDAAO suggests that enzyme aggregation plays a role

in biosensor regeneration in addition to structural changes.41,42
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Figure 4.5: Biosensor regeneration strategy. A) Scheme of biosensor placed in a solution of
D-serine and the sequentially occurring reactions underlying D-serine detection. B) Effect of
biosensor regeneration on the calibration curve. C) Electrochemical response of the biosensor
in solutions of PBS added of 100 µM D-serine or D-alanine (top) and of 1 mM D-serine or
D-alanine (bottom). D) Laser light scattering size dispersion of 1 mM D-alanine, 0.5 µL free
RgDAAO in 1 mM D-alanine, or 0.5 µL crosslinked RgDAAO in 1 mM D-alanine. E) TEM
image of immobilized RgDAAO incubated in 100 µM D-alanine; scale bar: 200 nm. F) TEM
image of immobilized RgDAAO incubated in 1 mM D-alanine; scale bar: 200 nm.

4.4 Conclusion

Improving D-serine and D-alanine detection using enzymatic electrochemical biosensors is

important for their practical application. In this work, we altered the selectivity and speci-

ficity of the D-serine sensing element by using enzymes from different sources and variants,

generated by point substitutions. The enzymes were successfully developed into DAAO-

biosensors. We also demonstrated that while free enzyme activity does not necessarily define

immobilized enzyme activity, it can serve as a predictive indicator for biosensor selectiv-
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ity. Moreover, the crosslinking step in enzyme immobilization results in DAAO structural

changes, enabling a simple biosensor regeneration strategy. Overall, this work enables the

future development of DAAO biosensors with improved substrate selectivity and increased

lifetimes. Future work consists of multiple biosensor application to quantify individual lev-

els of D-serine and D-alanine in mixed substrate environments. These biosensors may be

used to probe single or dual D-amino acid presence, enabling novel insights on D-amino acid

function and roles in neurological disease onset and management.
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Chapter Preface

Glycine is an important biomarker in clinical analysis due to its involvement in multiple

physiological processes. As such, the need for low-cost analytical tools for glycine detection

is growing. As a neurotransmitter, glycine is involved in inhibitory and excitatory neuro-

chemical transmission in the central nervous system.

Chapter 5 presents an electrochemical enzymatic biosensor for localized real time mea-

surements of glycine. This biosensor relies on amperometric readout and does not require

additional redox mediators. The biosensor was characterized and applied for real-time glycine

detection from cells, mainly HEK 293 cells and primary rat astrocytes. An enzyme, glycine

oxidase (GO) H244K, with increased glycine turnover was identified using mutagenesis. GO

H244K was developed into a functional biosensor. Using GO H244K biosensors, glycine re-

lease of 395.7 µM ± 123 µM from primary astrocytes was measured which is ≈ 5 fold higher

than from HEK 293 cells (75.4 µM ± 3.91 µM) measurements.

The work presented in this chapter is reproduced from:

Moussa, S., Rossini, E.,Chitsaz, D., Pollegioni, L., Kennedy, T., Mauzeroll J., A High-

throughput Strategy for Glycine Oxidase Biosensor Development Reveals Glycine Release

from Cultured Cells , Analytical Chemistry 2021 (Accepted)

Moussa, S., Mauzeroll J., Sensorlyze: A Software for Biosensor Data Analysis , Manuscript

in preparation 2021
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5.1 Introduction

Biosensors are becoming increasingly popular for their ability to enable real-time analyte

detection. The use of biosensors is revolutionizing many research areas, including neuro-

science and clinical testing. Amperometric biosensors are one class of sensors that allow

for quantification of concentration changes based on measured current changes.1 One par-

ticular example case of amperometric biosensors is their successful commercialization into

point of care devices as glucose test strips.2,3 Previously, the application of amperometric

enzymatic biosensors in pre-clinical studies on the detection of D-serine4,5, an amino acid

shown to be a co-agonist at excitatory NMDA receptors in the brain, was demonstrated.6 A

number of other enzymatic electrochemical probes have also been developed for neurotrans-

mitter detection such as glutamate7, dopamine8 and acetylcholine9. No such amperometric

sensors are available for localized measurements of the neurotransmitter and NMDAR co-

agonist, glycine. As a neurotransmitter, glycine is involved in inhibitory and excitatory

neurochemical transmission in the central nervous system.10 Glycine release in the brain has

varying overall impact depending on cellular release source.11 It is endogenously synthesized

from other amino acids, primarily in the liver and kidney, making it a non-essential amino

acid.12 Although non-essential, glycine plays other important roles in physiological function

of humans and animals. In rest of the body, glycine has anti-inflammatory, cryoprotective,

and immune modulating responses.13 Previous efforts to associate glycine level measurement

with diseased states have shown that low glycine levels are related to obesity, diabetes and

schizophrenia.12 Nutritionally, insufficient glycine intake may result in suboptimal growth,
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impaired immune responses and other adverse effects on health and nutrient metabolism.14

Currently, glycine levels are measured using chromatographic methods, which are expensive

and time-consuming.15–17 Glycine detecting electrochemical sensors have been developed to

avoid the shortcomings of chromatography.15,18,19However, none of these sensors have been

developed for localized glycine measurements, making it impossible to measure glycine levels

associated with synaptic transmission without microdialysis.10,11

In Chapter 5, a rapid approach for the development of enzymatic amperometric elec-

trochemical biosensors for real-time measurements of glycine release from localized regions

is presented. To develop these sensors, a high-throughput screening (HTS) was used to

identify GO variants with increased glycine activity. From a library of GO clones produced

using random mutagenesis, clones with amino acidic substitutions at the H244 position were

screened for enhanced glycine activity (Figure 5.1). The H244 residue on GO is localized in

the active site cavity and is interesting since it is involved in optimization of the reaction

catalyzed by GO without affecting the properties of the enzyme. Substitutions at the H244

position frequently result in substrate turnover number increase compared to GO WT.20

Following the selection of clones with increased glycine activity relative to GO WT, enzymes

were expressed and used for enzymatic electrochemical biosensor development.

First, the GO enzyme was immobilized onto the electrochemical sensor surface. Next,

GO turned over glycine into H2O2. The H2O2 diffused through a permselective polymer

layer and was subsequently oxidized at the electroactive sensor surface, where an oxidative

current is measured and enabling indirect glycine quantification. To further reduce biosensor

development time (≈30%), an approach using high-throughput assay techniques was devel-
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oped for biosensor calibration and application. Finally, glycine levels were measured from

astrocyte-conditioned media, HEK cells, and primary astrocytes. The GO H244K biosensors

were found to be useful in glycine detection measurements, making them an important tool

for localized glycine measurements in neurologically relevant systems.

Figure 5.1: Random clone selection strategy and schematic of high-throughput screening
methodology to search for variants with enhanced glycine activity.

5.2 Experimental Section

5.2.1 Materials and Chemicals

Horseradish peroxidase, amino acids, Amp, Cam, and all other compounds were purchased

from Sigma unless otherwise stated. The final concentration of Amp and Cam used were

100 µg/mL and 34 µg/mL respectively.



165 5.2. Experimental Section

5.2.2 Library Generation and Variant Screening

A library of GO variants was generated by site-directed mutagenesis at the H244 position

using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) and the GO

cDNA subcloned into the pT7(BH)-HisGO plasmid. The introduction of the mutation was

confirmed by automated DNA sequencing. The PCR products were used to transform JM109

E.coli cells. Subsequently, the recombinant plasmids were transferred to BL21(DE3)pLysis

E.coli cells and these clones were used for the screening procedure. The GO library was

screened using a rapid colorimetric assay.21 Briefly, the colorimetric assay is based on the

quantification of hydrogen peroxide produced. Oxidase activity towards 36 mM D-serine,

36 mM D-alanine or 18 mM glycine was assayed on crude extracts of the overexpressed

clones following cell lysis using an HRP and o-DNS coupled assay. The time course of the

absorbance change at 450 nm was recorded at room temperature using a microtiter plate

reader (Tecan). The average response was calculated and the clones which outperformed the

control were selected for a repetition of the screening. Multiple reparations were performed

for the screenings (n=3 replicates for each substrate). The highest activity clones were

evaluated in three individual screening experiments and out of the clones selected, 6 final

clones were selected for further analysis and biochemical characterization. The DNA of the

interesting clones was isolated and sent for sequencing. Appendix D contains more details

on the experimental methodology corresponding to the screening and clone selection.



5.2. Experimental Section 166

5.2.3 Expression and Purification of His-GO WT, H244K, H244F

and H244Q

The pT7(BH) expression plasmids coding for His-tagged wild type, H244K, H244F and

H244Q were transferred to the host BL21(DE3)pLysS E.coli strain cells. Recombinant cells

were grown under aerobic conditions at 37oC in LB medium (20 g/L) containing Amp and

Cam. Protein expression was induced in the exponential phase (at an OD600nm = 2) by the

addition of ITPG to a final concentration of 0.5 mM. The cells were then grown at 30oC under

agitation (130 rpm) and collected after 18 h by centrifugation and stored at -20oC. Crude

extracts were prepared by sonication (four cycles of 30 s each - pulsed and then continuous )

of the cell paste suspended with 50 mM disodium pyrophosphate buffer, pH 8.5, containing

5 mM EDTA, 20 µM FAD, 5 mM 2-β- mercaptoethanol, 0.7 µg/ml pepstatin, and 10 µg/ml

deoxyribonuclease I ( 2-3 ml of buffer/ gram of E.coli cells). The insoluble fraction of the

lysate was removed by centrifugation. The recombinant GO proteins were purified from the

crude extracts by using HiTrap chelating affinity chromatography column (GE Healthcare)

previously loaded with 100 mM NiCl2 and equilibrated with 50 mM disodium pyrophosphate

buffer (NaPPi, pH 7.2), 1 M NaCl, 20 mM imidazole and 5% glycerol. The purified GOs

were then equilibrated with 50 mM NaPPi, pH 8.5, and 10% glycerol. The final preparation

of GO WT, GO H244Q and GO H244K was stored in 0.01 M PBS, pH 7.4, containing 1%

glycerol. Enzyme purity was confirmed to be >90% by SDS-PAGE (Figure D.1). Enzymes

were concentrated with a Centricon ultrafiltration device (MW cutoff = 30 kDa, Amicon).

Protein concentration of the purified enzymes was determined using the extinction coefficient



167 5.2. Experimental Section

at 450 nm (11.8 mM−1cm−1 for GO and 14.4 mM−1cm−1 for GO H244K).20,22

5.2.4 GO Activity Assay

Standard polarographic assays (0.253 mM O2, 25oC) for GO WT and GO H244K on 10 or 100

mM glycine in 50 mM sodium pyrophosphate (pH 8.5) were employed.20,21 One enzyme unit

is defined as the amount of enzyme that converts 1 µmol of amino acid per minute at 25oC.23

Substrate specificity was investigated by a colorimetric assay based on detection of hydrogen

peroxide production using a coupled assay with peroxidase and o-dianisidine (o-DNS, ε=13

mM−1cm−1). Briefly, H2O2 produced from GO is reduced by horseradish peroxidase that

simultaneously oxidizes o-DNS to give a colored compound with an absorption maximum

at 440 nm. Different concentrations of standard D-alanine (1 mM), D-serine (1 mM) and

glycine (100 µM - 25 mM) were used as substrates.

5.2.5 Electrochemical Experiments

Electrochemical measurements were performed using an Electrochemical Probe Scanner 3

(Heka Elektronik, Lambrecht, Germany; bipotentiostat model PG340). All potentials were

recorded relative to an Ag/AgCl QRE (fabricated in-house, radius=0.125 mm).24 All electro-

chemical solutions were prepared in phosphate-buffered saline (PBS, 0.01 M, pH 7.4). Mea-

surements performed using chronoamperometry, involved a ME biased at 0.5 V vs. Ag/AgCl.

All recorded potentials are reported against an Ag/AgCl reference.
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5.2.6 GO WT and GO H244K Biosensor Fabrication

For biosensor development, the final GO WT and GO H244K preparations were concentrated

to 50 mg mL−1 in 0.01 M PBS (pH 7.4) containing 1% glycerol and 25 mg mL−1 BSA using

a Centricon device (MW cutoff = 30 kDa, Amicon). Platinum (Pt) disk MEs (10 µm) were

prepared according to previously reported procedure.24 Briefly, a soda-lime glass capillary

was pulled and a Pt wire was inserted into the capillary, which was then sealed. The ME tip

was polished until the Pt wire was exposed, revealing a disk-shaped surface geometry. The

final ME was rinsed with deionized water (18.2 MΩ), 70% ethanol, and acetone. The Rg

was confirmed with optical microscopy using a customized Axio Vert A1 inverted microscope

(Zeiss, Oberkochen, Germany) to be between 2-3 for all MEs. A permselective polymer was

then electrodeposited onto the electrode surface using cyclic voltammetry (0 to +1 V, 5

cycles) with 0.1 M m-phenylenediamine (PPD) prepared in 0.01 M PBS (pH 7.4). The full

biosensors were fabricated according to a literature protocol.25 Briefly, 2 µL of each enzyme

was drop-casted onto a PDMS coated glass slide. The PPD-ME was immersed in the enzyme

droplet for five seconds and then removed to dry for 4 minutes. This procedure was repeated

four times, followed by enzyme crosslinking using glutaraldehyde solution (50% v/v in H2O).

5.2.7 Biosensor High-throughput Assay

Experiments were conducted in a Faraday cage positioned on a vibration dampening table

(Micro 60, Halcyonics, Ames, IA, USA) to minimize noise. A custom made well plate (4 x

5 wells) was fixed to the ELP-3 sample plate (Appendix D). The biosensor was lowered to
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approach the well plate using the z-piezo micro-positioner until contact was made with the

solution in the well (≈ 6 mm). Upon contact with the solution, an electrical connection was

made and a chronoamperometric protocol was applied in which a potential of 500 mV was

applied at the biosensor tip after a stabilization period of 30 s at 0 V. Following the com-

pletion of a five-minute current recording in a single microwell, the biosensor was retracted

upwards to break the electrical connection, moved 6 mm in the x-direction towards the next

well and the approach and record process was repeated. For each biosensor, independent

chronoamps were recorded in a 4 x 5 grid. A macros protocol was written to iterate the hop-

ping mode recording process until recording from all individual wells in each was completed.

To move to the next row, the biosensor was moved 4 mm in the y direction. Currents were

sampled at 10 Hz.

5.2.8 Glycine Quantification from Astrocyte Conditioned Media

Primary astrocyte cultures were obtained by mechanically dissociating and discarding non-

astrocyte cell types from mixed glial cultures derived from P2 Sprague-Dawley rat pup cor-

tices.26 Astrocytes were cultured on 100 mm poly-d-lysine coated 100 mm dishes in DMEM

containing 10% fetal bovine serum (FBS), pen/strep, and L-glutamine, and passaged at least

3 times before use. Cultures were checked with optical microscopy to ensure >95% astrocyte

purity. Cells were cultured until confluency and the media was collected after 7 days and

after 10 days for analysis. The astrocyte-conditioned media was filtered with 0.22 µm filters

and stored at -80oC until ready for analysis.
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5.2.9 Biosensor Application for Real-Time Glycine Detection from

Cells

Cultured HEK-293 cells were split and grown in separate 100 mm dishes and Dulbecco’s

Modified Eagle Medium (DMEM) supplemented with 9.1% fetal bovine serum (Thermo

Fisher, Ottawa, ON, Canada) and 0.5 mg/mL primocin (InvivoGen, San Diego, CA, U.S.A.).

Following confluency (≈ 7-8 days), the plates were scraped (STEMCELL) the cells were

collected, and centrifuged for 5 mins (6000 rpm) to form a cell pellet. The cells were washed

with sterile PBS twice and then resuspended in PBS buffer using a pipette tip for a buffer

exchange. An aliquot of the cells was taken for cell counting to get an approximate amount of

cells in solution. For any biosensor experiments, an aliquot corresponding to 1x106 cells were

transferred to a well on the well plate. The same protocol was repeated for null biosensor

measurements and for rat-derived astrocytes.

5.2.10 LC-MS Experiments

A previously published protocol was used to prepare the LC-MS samples.15 Briefly, 10 µL

of blank samples (PBS) were diluted 1:4 with a mixture of acetonitrile/methanol/water

65/25/10. Fifteen microliters of this solution were injected into the LC–MS/MS. Gradient

elution profile of the LC–MS/MS method Mobile phase “A” and “B” consisted of 0.1% formic

acid in water (LC–MS grade) and methanol (LC–MS grade), respectively. The gradient

elution profile at a constant flow rate of 400 l/min was chosen as follows: 0.0 min 80%

A→0.2 min 80% A→3.0 min 40% A→4.0 min 40% A→4.2 min 80% A→5.0 min 80% A.
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5.2.11 Data Analysis

All experimental data presented is the mean of triplicate measurements unless otherwise

stated. Error bars represent the ±SEM. Data was analyzed using a inhouse developed

software Sensorlyze, or Python 3.7 and treated in Python 3.7. Electrochemical signals were

blank (PBS) signal corrected, resulting in inorm. To generate the calibration curves, the

steady state signals from noise-filtered data were extracted at each concentration and fit to

a linear regression line. Selectivity towards glycine was calculated as follows:

Selectivitygly = SAdesiredproduct
SAundesiredproduct

x100 = SAgly
SAD−ser/D−ala

x100 (5.1)

where SA is the specific activity of the selected amino acid.

5.3 Results and Discussion

5.3.1 Screening for GO Variant Enzymes with High Glycine Ac-

tivity

Glycine is turned over by GO during the enzyme catalytic cycle, producing H2O2 as a

byproduct. His-GO WT has a catalytic efficiency of 0.86 s−1mM−1.22 Enzyme catalytic effi-

ciency, a measure for enzyme specificity and turnover, can be improved through site directed

mutagenesis.27–29 To minimize discovery times associated with biocatalyst development with
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enhanced efficiency for use in biosensor design, we applied a site saturation mutagenesis ap-

proach, namely mutant library generation and HTS for activity. Following the generation of

a GO mutant library at the H244 position through error-prone PCR, a 96-well plate and an

automated liquid handling system were used for a colorimetric assay. The signal observed

from the o-DNS assay in 10 mM glycine and the crude extracts of E.coli cells expressing

GO variants, corresponds to the enzyme variant activity.21 Any alteration in the GO clone

activity on glycine was monitored using a change in absorbance at λ = 440 nm (Figure 5.2A).

After a final round of screenings (Figure 5.2B), 10 clones with increased glycine activity were

identified. To confirm the increased activity of the 10 selected clones, one final screening

was performed with only the 10 clones. The absorbance values for these clones normalized

to the absorbance for GO WT is presented in Figure 1C. These clones correspond to GO

variants with enhanced glycine activity (Figure 5.2C, gold), making their use for biosensor

development an attractive option compared to GO WT (Figure 5.2C, purple).

The most active clones (6/10 clones from final screening, Figure 5.2C: B2,B4,C2,C4,G3)

on glycine as detected via the screening procedure were identified by automatic DNA se-

quencing. The sequencing allowed us to identify the mutation type for each clone and

eliminated the presence of false positives (3/6 clones). Asides from the false positives, three

interesting variants were identified by mutant screening with possibly improved glycine ac-

tivity: H244F, H244Q and H244K (Figure 5.2: C2,C3,C4). H244F, H244Q and H244K GO

variants were expressed and their activity on glycine was characterized using polarographic

method. From the specific activities (Table D.1, GO WT: 0.8 U mg−1, GO H244F : 0.523 U

mg−1, GO H244K: 1.038 U mg−1, GO H244Q : 0.177 U mg−1) and literature activities22, GO
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Figure 5.2: HTS Assay screening results for glycine activity following 24 hour incubation in
18 mM glycine A) Absorbance values (λ = 440 nm) for all GO clones screened in a 96 well
plate. Position H11 corresponds to the clone for GO WT and position H12 corresponds to the
control well with no clone present. B) Absorbance values( λ = 440 nm) for glycine oxidase
clones selected from initial screening of 94 clones. screened in a 96 well plate. Position
G5 corresponds to the clone for GO WT and position H1 corresponds to the control well
with no clone present. Grey boxes represent empty wells. C) Normalized absorbance values
(corrected for the control plate and normalized by a factor of 1 to GO WT [G5]) for the ten
glycine oxidase clones (yellow) selected from the screening.

H244K had the highest glycine turnover ratio compared to GO WT (D.2, 11.22 vs 1.00). As

such, GO WT and GO H244K were characterized using spectrophotometric o-DNS assays

(Figure 5.3). At all tested concentrations (0.1 mM, 1 mM and 10 mM), GO H244K indeed

had higher glycine activity than GO WT. Moreover, GO H244K had high activity towards

glycine compared to D-serine and D-alanine (Figure 5.3C), two neurologically present amino

acids which are simultaneously found in presence of glycine.30–32
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Figure 5.3: Substrate specificity of GO WT and GO H244K using the spectrophotometric
assay (NaPPi buffer, pH 85). (A) Specific activity (U mg–1) values for the enzymes at various
substrate concentrations of D-serine, D-alanine, or glycine. (B) SEM values for the specific
activities as reported in panel A. (C) Selectivity of GO H244K enzymes towards glycine over
D-serine and D-alanine. Error bars represent mean values ± SEM.

5.3.2 Assessing the Performance of GO WT and GO H244K Biosen-

sors

Using both GO H244K and GO WT, the enzymes were incorporated into biosensors. Through

enzyme immobilization on PPD-Pt MEs, biosensors were fabricated and calibrated in stan-

dard solutions of glycine.33 To rapidly generate calibration curves, Sensorlyze, a inhouse

python-based software tool developed by the author, was used for biosensor performance

assessment. Sensorlyze is a software that automates data processing and manipulation by

converting raw data files into figures and allows users to generate calibration curves from mul-

tiple data files, provides statistics such as linear regression parameters and limits of detection

and quantification. Sensorlyze was also used to extract steady state currents from multiple

chronoamperograms and to average these values over a 30 second range(see Appendix D for
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more detail).

The current response of GO WT and GO H244K was linearly related to the logarithmic

value of the glycine concentration within the range of 50-1000 µM (Figure 5.4). GO WT at

13.3 mg.mL−1 resulted in calibration curves with lower sensitivity (Figure D.3A) compared

to the more concentrated GO WT at 50 mg.mL−1 (Figure D.3B). Additionally, the non-log

calibration curves for GO WT and GO H244K were non-linear as shown in Figure D.3.

Figure 5.4: Calibration curves of (A) GO WT and (B) GO H244K-based biosensors in
standard solutions of 50,75, 100, 250, 500, 750, 1000 µM glycine (PBS, pH 7.4). Inset: Raw
sample current-time curve for different glycine biosensors using GO H244K enzymes. Error
bars correspond to the S.E.M (n=4). LOD=16.5 µM± 2.9 µM LOQ= 55 µM± 4.2 µM.

To assess the stability of the biosensors, GO H244K and GO WT biosensors were stored

at both 4oC and 20oC following an initial calibration. Both GO WT and GO H244K sensors

lost sensitivity following two-week storage at -20oC (Figure D.4A&B). GO H244K biosensors

were stored dry at 4oC and calibrated the following day. Dry storage at 4oC resulted in linear

calibration curves for GO H244K (Figure D.4C). The lack of response was due to enzyme

film delamination, suggesting that the adsorption of GO requires improvement for increased
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biosensor lifetime.

5.3.3 GO H244K Biosensors Detect Glycine in Astrocyte-Conditioned

Media

Astrocytes are thought to be a major source of glycine34 and were studied with GO H244K

biosensors (Figure 5.5A). The biosensor was first calibrated in standard solutions of glycine

spiked into DMEM buffer, which already contained 400 µM glycine (Figure 5.5B). Following

astrocyte culture, media collection and filtering, and biosensor calibration, the biosensor

was applied for glycine detection in 300 µL of filtered, astrocyte conditioned DMEM. Media

from two sets of cultures were collected. From batch 1, the media was collected after 7

days of conditioning. From batch 2, the media was collected after 10 days of conditioning.

Using the biosensor, an average of 572 µM ±113 µM glycine was measured (Figure 5.5C),

suggesting glycine release of astrocytes with variability corresponding to culture time and

batch-to-batch differences. Although DMEM has 400 µM glycine, it was possible to measure

additional glycine levels as shown in Figure 5.5. From the biosensor readings, it is suggested

that astrocytes do in fact release glycine, possibly through astrocyte glycine transporters, as

shown in published literature.34–37
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Figure 5.5: Glycine detection from cultured primary rat astrocytes using GO-H244K biosen-
sors. (A) Schematic of experimental protocol (B) Biosensor calibration curve in standard
glycine solutions prepared in DMEM (C) Concentrations obtained from biosensor calibra-
tions for individual batches and for the batches combined. Batch 1 corresponds to media
collected after 7 days. Batch two corresponds to media collected after 10 days. Total corre-
sponds to the average of all batches. Average concentrations ±S.E.M. are displayed.

5.3.4 Achieving Real-Time Glycine Detection from Live HEK293

Cells and Astrocytes

Microelectrode biosensors are particularly useful for localized real-time quantification of ana-

lytes. To assess the performance of these biosensors in real-time glycine release measurements

using an automated methodology, a custom micro-sized well plate was prepared as discussed

in the experimental section. In combination with a 0.125 mm Ag/AgCl QRE, the biosensor

was approached to the solution on the microwell plate using a z-piezo motor. A constant

voltage of 0.5 V was applied at the biosensor tip and when the biosensor was immersed

in solution, a faradaic current corresponding to the oxidation of H2O2 was recorded. The

biosensor was moved from one well to another using a hopping mode with the ELP motor

system and the current from each sample was recorded (Figure 5.6A). To evaluate real-time
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glycine release, the biosensor was immersed in 100 µL of HEK 293 cells (1x 106 cells in PBS

buffer) which were pipetted into one of the wells on the well plate. The current from the HEK

293 cells was monitored over a period of 30 minutes and the steady state current after 30

minutes was extracted from resulting chronoamperograms (Figure 5.6B purple, Figure D.5)

and compared against the background signal from the biosensor in PBS buffer (Figure 5.6B

yellow). The same protocol was repeated using a null biosensor (Figure 5.6B blue). The

biosensor calibration curve (Figure 5.6C) was then used to convert the current responses of

the biosensor in HEK 293 cells into glycine concentrations (Figure 5.6D). Similarly, glycine

release from astrocytes was monitored using the active and null biosensors (Figure 5.65E

purple vs blue) and the signal was compared against the biosensor response in PBS buffer

(Figure 5.6E, yellow ). The biosensor calibration curve (Figure 5.6F) was then used to

convert the current responses of the biosensor in astrocytes into glycine concentrations (Fig-

ure 5.6G). The concentrations recorded from Figure 5.6D&G demonstrate that GO H244K

biosensors are useful tools for real-time glycine detection from multiple cell types. Moreover,

Figure 5.6 shows that astrocytes release significantly larger amounts of glycine (395.7 µM

± 123 µM, Figure 5.6D) compared to HEK 293 cells (75.4 µM ± 3.91 µM, Figure 5.6G).

Astrocytes demonstrate ≈5 fold greater release of glycine than HEK 293 cells.
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Figure 5.6: High-throughput hopping mode real-time glycine detection from multiple bio-
logical analytes. (A) Schematic of electrochemical experimental setup (B) Buffer normalized
currents from HEK 293 cells using the null and enzymatic biosensors (C) Calibration curve
with the GO H244K enzymatic biosensors (D) Corresponding current reading from HEK
293 cells using the biosensor. The average reading corresponds to 75.4 µM ± 3.91 µM (E)
Histogram of the steady state currents from null and active biosensors immersed in buffer
and astrocytes (F) Calibration curve of the biosensor prior to glycine detection from as-
trocytes, corresponding current readings of glycine released from astrocytes following a 30
minute biosensor incubation period. (G) The average reading corresponds to 395.7 µM ±
123 µM. Error bars correspond to ±S.E.M.

The relatively higher astrocytic glycine release is consistent with literature suggestions

that astrocytes store glycine and that glycine release is mediated through the Asc-1 trans-

porter in astrocytes, not typically found in HEK 293 cells.34–37 Moreover, LC-MS experiments

demonstrate the presence of glycine in these cell samples, confirming the release of glycine

through both biosensor and LC-MS measurements (Figure D.6). Finally, the potential of

using Triton X-100 and Tween-20 to lyse cells for release of stored glycine is also presented

in Figure D.7. The effect of these surfactants on the biosensor response is explored in Figure
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D.7 and shown to be negligible on the biosensor response.

5.4 Conclusion

In this work, we demonstrated the first enzymatic amperometric biosensor fabricated and

applied for real-time glycine detection from cells based on GO H244K. Mutagenesis and HTS

enzyme screening enabled the rapid discovery of enzyme variants with enhanced glycine ac-

tivity. The performance of GO H244K biosensors superseded that of GO WT biosensors

and GO H244K biosensors demonstrated high reproducibility. Using only 100 µL of cells,

glycine was detected from both HEK 293 and astrocyte cells without the need for additional

reagents. While these sensors were shown applicable for real-time detection of glycine, future

work entails sensitivity improvements of such biosensors possibly through the increasing the

microelectrode backbone surface roughness or the generation of a double or triple mutant

enzyme with even further enhanced glycine selectivity. Given this paper’s advancements in

reducing enzyme discovery times, biosensor optimization, assay miniaturization and automa-

tion, as well as data analysis simplification this system can be developed with minimal effort

for potentially any stable oxidase enzyme to extend the range of analytes probed with such

sensors. These sensors may then be used to study glycinergic functions and mechanisms in

the brain or as clinical tools for glycine analysis.
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6.1 Summary, Conclusions, and Future Directions

6.1.1 Summary and Conclusions

MEs have been around since the 1800s, with early measurements made for dopamine de-

tection. State of the art technology has made it possible to reduce instrumental limits of

detection, all the way into the femto-scale. In particular, potentiostats, which are used

in conjunction with MEs, have been refined to reduce noise and increase sensitivity. Yet,

ME-based biosensors have inherent challenges that remain to be addressed. For example,

ME-based biosensors often suffer from limit of detection and selectivity limitations, that even

with the best performing potentiostat, cannot be improved upon. Optimizing the design of

biosensors will unlock multiple opportunities, not only for their application as point of care

devices, but for furthering areas of research where there is a real need for localized real-time

analyte detection, such as in clinical chemistry and neuroscience.

Nevertheless, the ultimate goal of this thesis is to obtain localized and real time mea-

surements of multiple analytes using biosensors. To achieve the goal of real-time analyte

detection using biosensors, this thesis addresses challenges in the biosensor bioreceptor com-

ponent. Key contributions of this thesis towards real-time analyte detection include charac-

terization of immobilized enzyme activity, developing of a methodology to screen for enzymes

with increased analyte selectivity, increasing biosensor limits of detection and selectivity, as

well as demonstrating biosensor application for real-time measurements in vitro, ex vivo and

in vivo.
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Compared to state of the art biosensing technologies, which are not limited to electro-

chemical methods, this thesis pushes forward electrochemical-based biosensing for real time

analyte quantification. While other methods such as colorimetric-based sensing are promis-

ing, electrochemical methods are reagent-free and present more cost effective solutions in the

field of biosensing. A significant portion of the available literature in electrochemical based

biosensing is focused on proof-of-concept biosensor development,lacking extensive applica-

tion to derive useful information on biochemical levels using the developed sensors. This

thesis focuses on the development and application of enzymatic biosensors, going beyond

the proof-of-concept, and establishing real world applications for such biosensors. In this

thesis, the first ever glycine oxidase mutant-based electrochemical biosensor was developed

and appplied. Moreover, novel findings with respect to the development and application

of DAAO-based electrochemical biosensors were presented. A summary of each chapter’s

contribution towards real-time detection of biological analytes with desired sensitivity and

selectivity is discussed below.

Chapter 1 presented a summary of the existing literature on ME theory, fabrication

methods, and notable applications during the 2013-2018 period. Case studies from literature

were highlighted to demonstrate the many ways in which MEs were used as biosensors to

obtain critical analyte information. Chapter 1 also focused on surface modifications of MEs

using polymers, nanoparticles, fibers, enzymes, nucleic acids, peptides and DNA, to improve

selectivity and sensitivity for real-time bioanalyte detection. Although surface modifications

improve ME performance, results obtained with ME biosensors still require complementary

analysis such as LC-MS to validate and ensure accurate readings.
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Future direction of this work includes generating a database of developed biosensors with

their surface functionalities and their successful application. The database would enable

other researchers, who lack expert knowledge in this field, to select appropriate sensors for

their research. Moreover, although biosensors are being applied for analyte detection in

biological media, there remains room in extending their application for clinical analysis of

disease biomarkers. There is significant advantage in involving clinicians during the design

stage of biosensors, such that they can be applied regularly in clinical chemistry. Addition-

ally, incorporating multiplexed sensing with MEs poses a significant advantage for real-time

monitoring of multiple biomarkers simultaneously.

Chapter 2 described a ME-based electrochemical characterization approach method (MECA)

to determine the true enzymatic activity of a biosensor. Typically, enzymatic assays of the

nanoparticle-bound enzymes are used to determine the biosensor activity, however these as-

says do not consider the case immobilized enzyme on fixed supports. Thus, the activity of

immobilized enzymes on biosensors, which is dependent on enzyme spatial orientation, is

often grossly overestimated. Under MECA, the production of H2O2 from enzymes immobi-

lized on a ME using PPD-MEs is measured by chronoamperometry. The enzyme RgDAAO

was used for the proof-of-concept, but this method may be generalized to any enzyme which

produces a redox active species such as H2O2 from its catalytic cycle. The underexplored

effect of immobilization on enzyme efficacy was studied using MECA. The enzymatic activ-

ity and substrate selectivity of free RgDAAO and its immobilized counterpart on PPD-MEs

was explored.

The study in Chapter 2 may be extended to assess the effect of different crosslinkers such
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as poly(ethylene glycol) and diglycidyl ether (PEDGE) on enzyme activity. This is motivated

in part by the need for milder crosslinkers that are less toxic than glutaraldehyde, which is

currently the preferred crosslinkers to immobilized enzymes for biosensors. As such, MECA

could be adapted to explore other aspects of enzyme immobilization in order to optimize

biosensor designs in accordance with a specific application. Beyond the field of medical

technology, MECA could be of interest in the development of biofuel cells. Characterization

of immobilized enzyme activity is critical for efficient biofuel cell design and Chapter 2 lays

some of the groundwork for extending the MECA method to biofuel cell design, particularly

in optimizing reactions at the cathode and anode electrodes.

Chapter 3 extended the research in Chapter 2 by developing minituarized biosensors with

RgDAAO immobilized onto the ME surface and applying them for ex vivo and in vivo D-

serine detection. A robust methodology for the fabrication of a reproducible miniaturized 10

µm D-serine detecting amperometric biosensor was developed. The biosensors were then used

for D-serine detection from tadpole brains, where D-alanine levels are considered negligible.

Chapter 3 presented the application of ME-based biosensors to address an important

ongoing question on the association of D-serine with sensory stimulation. With the help

of RgDAAO biosensors, it was observed that levels in the brain of Xenopus laevis tadpoles

fluctuate with sensory experience. The application of such biosensors for real-time in vivo

measurements was also validated. Demonstrating the feasibility of applying the biosensors

for in vivo measurements was critical in their continued success for application in determining

localized, real-time D-serine release.

The biosensors developed in Chapter 3 may be even further applied for more extensive
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D-serine research. Mechanisms of D-serine release have not yet been completely deciphered.

As such, observing the impact ATP-stimulated D-serine release in vivo would contribute to

understanding D-serine release mechanisms and the overall impact of ATP on D-serine levels.

Another interesting avenue, is mapping out the relationship between gut derived D-serine

and brain-derived D-serine to elucidate the gut-brain relationship with respect to D-serine.

Recent research shows that intestine derived D-serine plays a role in sleep regulation in

Drosophila.1 Using the D-serine biosensors developed in Chapter 3, it may be possible to

extend this study to other model organisms, as well as understand the gut-brain relationship

even further.

Chapter 4 advanced the development of D-serine detecting biosensors by identifying alter-

native enzymes to optimize D-serine selectivity. Inspired by Chapter 3, Chapter 4 focused on

exploring DAAO enzymes to increase biosensor D-serine selectivity. Chapter 4 also studied

the possibility of developing D-alanine selective biosensors with DAAO enzymes.

Through introduction of point mutations into DAAO, DAAO variants were expressed

and characterized for their selectivity and activity towards D-serine and D-alanine. The

structural impact of enzyme crosslinking was studied. More importantly, the biosensors were

characterized and assessed for their selectivity towards D-serine and D-alanine. Chapter 4

highlighted factors critical for the success for enzymatic biosensors and their regeneration.

The need to characterize free enzymes prior to biosensor development was emphasized, as

this characterization would cut biosensor research time and cost significantly.

Future developments of Chapter 4 entails application of multiple biosensors for simulta-

neous D-serine and D-alanine detection. Multiplexed measurements would involve extensive
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sample data collection to accurately predict concentrations in unknown samples. These

measurements may be achieved by application of multiple individual biosensors and using

chemometric methods such as partial least squares regression (PLSR) to distinguish the

signal for one amino acid over the other (Figure 6.1).2 Alternatively, developing a biosen-

sor array where one of two enzymes are immobilized would also enable the simultaneous

detection of amino acids.

Figure 6.1: Schematic for data treatment methodology. Left: Calibration of single biosensor
employs a first order dataset to generate a linear calibration curve corresponding to yj =
mxj + b where j corresponds to the sample concentration. Right: Calibration of multiple
sensors against a single analyte (i.e. D-serine). A second order dataset is used to generate
a calibration curve corresponding to the sum of the calibration curves at concentrations j,
for k biosensors. The number of components (ncomp) used for the regression analysis also
corresponds to the number of biosensors.

Chapter 5 is an extension of the earlier chapters by expanding the analyte scope of

enzymatic electrochemical biosensors to glycine. Through replacing DAAO with an oxidase
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enzyme responsible for glycine turnover, glycine is detected using the biosensor. Due to

their naturally low activity on glycine, GO WT biosensors are not the primary enzymes of

choice for glycine biosensor development. Rather than investing significant time and cost into

finding an enzyme variant suitable for glycine turnover, a high-throughput screening strategy

was applied to identify GO variants with improved glycine activity. From an enzyme activity

screening, a GO variant, GO H244K, was identified as a more suitable enzyme and used for

biosensor development. GO H244K biosensors were applied for real-time glycine detection

from HEK293 cells and astrocyte cell cultures with a high-throughput electrochemical setup.

Additionally, since data treatment requires significant time in biosensor development and

application, a python-based software developed used for data analysis of Chapter 5 data.

Sensorlyze, the software, enables the rapid generation of calibration curves from chronoam-

perograms obtained using multiple potentiostat systems. The software provides important

calibration curve statistics such as regression line parameters as well as limits of detection

and quantification.

Chapter 5 may be extended through exploring the application of glycine biosensors for

in vivo measurements as well as SECM measurements from individually cultured cells. Such

measurements may require further improvements in biosensor sensitivity and limit of de-

tection, addressable through alternative biosensor surface modifications and increasing the

surface roughness.

Moreover, the functionalities of Sensorlyze may be broadened to include 1) non-linear

regression for calibration curves 2) machine learning algorithms for multivariate calibration

data processing 3) data analysis of biofuel cell relevant calculations, such as current density.



6.1. Summary, Conclusions, and Future Directions 194

6.1.2 Thoughts for the Future

Much of the mentioned success of enzymatic biosensors comes from a particularly commer-

cialized sensor: the glucometer. Bottlenecks in the successful development of biosensors have

been tied to identification of stable enzymes which enable selective analyte detection. Re-

cent years highlighted the importance of collaboration between engineers, chemists, biologists

and clinicians in the successful development of biosensors which have real-world application.

Future triumphs in the design and extensive application of enzymatic electrochemical biosen-

sors relies on constant communication and iterative design of such biosensors. The growing

need for biomarker monitoring led to an increased demand for biosensing.3–5 Advancements

in research will enable researchers to make more accurate decisions about key biosensor de-

sign parameters, with focused efforts on certain elements that require further modification.

Additionally, while many sensors exhibit excellent properties when characterized in buffer or

ideal conditions, their translation into biologically relevant environments is crucial for their

success. Research efforts should be made on optimizing and testing biosensors in relevant

environments. In summary, the efforts of this thesis are in designing biosensors which can be

converted into point of care devices or used for pre-clinical and clinical studies. In the case of

pre-clinical and clinical studies, the biosensors must be tested for their application feasibility

for analysis of low volumes of body fluids such as saliva, urine or blood. While the main

focus of this thesis was on real-time detection of small amino acids, the only limitation of

extending the scope of biomarkers is the use of appropriate surface modifications. As such,

electrode surface modification is expected to be continued area of development in biosensor
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design.
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(5) Saylan, Y.; Özgür, E.; Denizli, A. Recent Advances of Medical Biosensors for Clinical Applications.

Med. Devices Sensors 2021, 4, 1–8.

196



Appendix A

Supporting Information for Chapter 2

197



A.1. Determination of Hydrogen Peroxide Diffusion Coefficient 198

A.1 Determination of Hydrogen Peroxide Diffusion Co-

efficient

A.1.1 Defining the Apparent Diffusion Coefficient

For a porous system, such as the permeable PPD layer used in this work, diffusion occurs

uniquely in the electrolyte present in the pore phase. Diffusive flux is proportional to the

cross-sectional area and the apparent diffusion (Dapp). Since the cross-sectional area impacts

diffusional flux, Dapp is proportional to porosity (φ). Moreover, tortuous path transport (τ)

of the porous network microstructure impacts diffusion. As such, Dapp is defined relative to

the bulk diffusion coefficient (D0) by factoring in both the PPD porosity and tortuosity. In

this work, we discuss Dapp, taking into consideration that this value accounts for φ, τ and

D0.

Dapp = D0φ

τ
(A.1)

A.2 COMSOL Simulation

A 2-D axisymmetric finite element model was built using COMSOL Multiphysics 5.3a to

extract the diffusion coefficient ofH2O2 towards the ME surface. A schematic of the geometry
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is presented in A.1. The mesh was free triangular with coarse size with finer distributions

at regions closer to the ME electroactive surface.

Figure A.1: COMSOL geometry where a corresponds to radius and J corresponds to flux.
A) Schematic of H2O2 diffusion. Do is the bulk diffusion coefficient of H2O2. B) Schematic
of H2O2 diffusion through the PPD layer. Dapp is the limiting diffusion coefficient.

A.2.1 Model Equations

Using the Transport of Diluted Species Module, a diffusion limited system was assumed

for species mass transport calculations to calculate species mass transport. Migration and

convection contributions were assumed to be negligible:

Jk = −Dk∆ck (A.2)

Where for an individual species k, Jk is the mass transport flux, Dk, bulk is the diffusion

coefficient in the bulk solution and ck is the concentration. For a single species k, the

Nernst-Plank equation may be presented as follows:
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Jk = dC

dt
= D(d

2C

dr2 + 1
r

+ dC

dr
+ d2C

dz2 ) (A.3)

Where r and z are the model cylindrical coordinates

Using the Butler-Volmer kinetics corresponding to the irreversible oxidation of H2O2, the

H2O2 flux at the ME surface is as follows:

JR(x, t) = −koxCR (A.4)

Where

− kox = k0e
−α∗f(E−E0) (A.5)

and

f = F

RT
(A.6)

Where ktip is the rate of the reaction at the electrode surface in mol.m−2s−1, k0 is the

standard rate constant for the rate determining step of the H2O2 reaction on platinum

surfaces (k0 = 24.96x10−5m.s−1) in m.s−1, α is the mass transfer coefficient (assumed to be
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0.5), E0 is the standard formal potential in V derived from the literature (0.407 V vs. 0.1

M Ag/AgCl) and E is the applied potential in V (0.5 V vs. 0.1 M Ag/AgCl), R is the ideal

gas constant, T is the temperature (assumed to be 298 K).

To calculate the current i corresponding to the irreversible oxidation of peroxide from

the flux at the ME tip: � x=a

x=0
CRkoxnelectronsF (A.7)

Where x is the position at the electrode surface The potential at the ME tip was stepped

up from 0 V to 0.5 V at t=5 seconds using the step function to simulate the oxidation current

from a chronoamperogram. Parametric sweeps in which the simulation was run at various

diffusion coefficients. For an estimate of the diffusion coefficient towards the ME surface, the

chronoamperometric steady state current at 300s was matched to the experimental steady

state current at all concentrations. Isotropic diffusion was assumed throughout the entire

model. Model initial and boundary conditions Time-dependent simulations with the ME

(a=5 µm, RG= 5) were performed to model the chronoamperometric oxidation. The initial

concentration and diffusion coefficient of hydrogen peroxide were 0.1 nM and 1.97x10−9m2s−1

respectively. The following initial and boundary conditions were set:

At t=0,

CR(x, 0) = CR,bulk (A.8)
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JR(x, 0) = 0 (A.9)

At the edges where L=100a and 0 < t

CR(L, t) = CR,bulk (A.10)

JR(L, t) = 0 (A.11)

Where CR is the concentrations ofH2O2 in mol/m3 and Jr is the flux ofH2O2 in mol/m2.s,

t is the time in s and L is the length of the electrochemical cell in cm and a is the radius of

the microelectrode in cm.
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A.3 Supporting Figures and Tables

Figure A.2: Agreement of the simulation derived currents with the experimental values. The
RgDAAO-PPE-ME was immersed in standard solutions of D-serine in PBS (0-25 µM). The
PPD-ME was immersed in standard solutions of H2O2. The steady state current (iss) was
measured at an oxidizing potential of 0.5 V.
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Figure A.3: Cyclic voltammograms (CVs) using an RgDAAOimmob−PPD−ME immersed in
solutions of D-serine and D-alanine (-0.1–0.6 V vs. Ag/AgCl, 0.1V·s−1). A) CVs showing
increasing peak current at 0.5 V for the oxidation of H2O2 produced from the RgDAAO
reaction with the substrate solutions. B) Zoomed image of paired plots of CVs at the same
substrate concentration, demonstrating a change in response ratio between D-serine and
D-alanine as concentration is increased (top to bottom).

Figure A.4: The steady state current response using PPD-MEs poised at 0.5 V measured by
the production of H2O2 from the reaction of RgDAAOfree (1.0 µL , 58.6 mg·mL−1) mixed
in individual solutions solution of 200 µL of 0.1 M PBS containing 100 µM D-serine, 100
µM D-alanine, 100 µM -aspartate or 100 µM glycine. The steady state current responses
demonstrate that significant H2O2 production from RgDAAO reaction is only apparent with
-serine and -alanine as substrate. Error bars represent ±S.D.
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Table A.1: Presence and Localization of D-amino acids at physiological and pathological
conditions

Species Localization
Concentration Reference
Physiological Conditions: D-alanine
Male mice Cerebrum/Hippocampus/Hypothalamus/Serum
12.4/11.4/9.0/8.8 [nmol/g wet tissue] 1

Humans White matter/ Grey matter
0.60/ 0.66 [µmol/g wet tissue] 2

Male Wilstar rats Pituitary gland(Anterior lobe/posterior lobe)/plasma
86.4/14.7/0.6-4.8/11.6 [nmol /g wet tissue] 3

Humans CSF/ Plasma
0.113/0.531 [µM] 3

Male Wilstar Rats (6-9 weeks) Pituitary/ Plasma
10 [nmol/g wet tissue]/8 [µM] 4

Rats (6 weeks) Pituitary Gland (male/female)
25.9 /10.7 [nmol/g tissue] 5

Physiological Conditions: D-serine
Male mice Cerebrum/Hippocampus/Hypothalamus/Serum
423.2/341.5/105.2/2.1 [nmol/g wet tissue] 1

Mice Forebrain/Extracellular fluid
5-7 [µM] 6

Humans CSF/ Plasma
1.165/0.761 [µM] 7

Humans Serum
176.2 µmol/L 8

Rats (6 weeks) Cerebrum/Hippocampus/Pineal & Pituitary Gland/Hypothalamus
210,218/231,245/5.8,10.8/
210,215/11.6,9.7 [nmol/g wet tissue] 5

Pathological Conditions: D-alanine
Male mice (no DAAO) Cerebrum/Hippocampus/Hypothalamus/Serum
63.7/61.7/52.6/134.6 [nmol/g wet tissue] 1

Mice Hippocampus/Frontal Cortex/Cerebellum
20/28/2.5 [µg/g tissue] 9

Pathological Conditions: D-serine
Male Mice (no DAAO) Cerebrum/Hippocampus/Hypothalamus/Serum
424.5/300.3/147.1/11.6 [nmol/g wet tissue] 2

Humans White matter/ Grey matter
0.84/ 0.92 [µmol/g wet tissue] 2

Humans Serum
203.5 µmol/L 8
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Figure A.5: Specific activity of RgDAAO towards different substrates at various concentra-
tions (0.01,0.1, 1, 2,7.5,25 mM) in NaPPI buffer (pH=8.5) using the o-DNS assay as shown
in Figure 4. *RgDAAO was found to have no activity (< 1 U mg−1) on 1 mM glycine. The
average of three measurements is shown ±S.D.).
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A.4 Matlab Scripts

A.4.1 Brief Description of Code

In enzyme kinetics, measuring the observed reaction rate reveals the catalytic mechanism

of an enzyme as well the enzyme interaction with different substrates. Michaelis–Menten

kinetics are the simplest and most commonly used approximation to describe the kinetics of

many enzymes. The Michaelis–Menten equation relates the initial reaction rate (v0) to the

substrate concentration (S). The resulting plot is a hyperbolic function where the maximum

rate is defined as Vmax. The Michaelis-Menten constant (Km) is the concentration of sub-

strate where v0 is half of Vmax. To determine the kinetic parameters, a set of experiments

are conducted in which the substrate concentration is varied and the initial rate of product

formation is measured. Non-linear regression of the Michaelis-Menten data (v0 vs S) allow

for determination of the Km and Vmax values. The Michaelis-Menten equation may also

be linearized to measure the effect of substrate inhibition on the enzyme (Lineweaver-Burk

Analysis).
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Script 1: Function to Perform a least squares linear regression required for Lineweaver-

Burk Analysis

function=[slope,intercept,stats]=lslregr(x,y,varargin)
%LSLREGR: Perform a least-squares linear regression.
%Syntax: lslregr(x,y)
%
% Inputs:
% X - Independent variable array
% Y - Dependent variable. If Y is a matrix, the i-th Y row is a
% replicate of i-th X point. The mean value will be used.
% Outputs:
%
% 1) Slope with standard error an 95% C.I.
% 2) Intercept with standard error an 95% C.I.
% 3) Pearson’s Correlation coefficient with 95% C.I. and its adjusted form
% 4) Spearman’s Correlation coefficient
% 5) Regression Standard Error
% 6) Total Variability
% 7) Variability due to regression
% 8) Residual Variability
% 9) Student’s t-Test on Slope (to check if slope=0)
% 10) Student’s t-Test on Intercept (to check if intercept=0)
%
% - Plots:
% 1) Data points, Least squares regression line ,
% Red dotted lines: 95% Confidence interval of regression
% Green dotted lines: 95% Confidence interval of new y value from this

regression.
% 2) Residuals plot
%
% [Slope,Intercept,stats]= returns a structure of slope and intercept
% containing value, standard error, lower and upper bounds 95% C.I
% and returns a STATS structure with stats info

%Handling Input Errors
par = inputParser;
addRequired(par,’x’,@(x) validateattributes(x,{’numeric’},{’row’,’real’,’finite’,’

nonempty’}));
addRequired(par,’y’,@(x) validateattributes(x,{’numeric’},{’2d’,’real’,’finite’,’nonempty

’}));
addOptional(par,’avgm’,1, @(x) isnumeric(x) && isreal(x) && isfinite(x) && isscalar(x) &&

(x==0 || x==1));
parse(par,x,y,varargin{:});
avgm=par.Results.avgm; %mean value for Y matrix
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alpha=0.05;
clear par
x=x(:);
if isvector(y)
ymean=y(:); %columns vectors
else
ymean=mean(y)’; %find the mean of y
end
assert(length(x)==length(ymean),’X and Y arrays must have equal column numbers.’); %

confirm equal array length

un=unique(x);
if length(un)˜=length(x)
uny=zeros(num(un));
for N=1:length(un)
col=sum(x==un(N));
if col==1
uny(N)=ymean(x==un(N));
else
uny(N)=mean(ymean(x==un(N)));
end
end
x=un(:); ymean=uny(:);
clear uy I
end
clear ux

%regress function input
xtemp=[x ones(length(x),1)];
ytemp=ymean;

%regression coefficients
[par,pINT,R,int] = regress(ytemp,xtemp);

%outlier presence check
outlierx=find(ismember(sign(int),[-1 1],’rows’)==0);
if ˜isempty(outlierx)
disp(’These points are outliers at 95% fiducial level’)
disp(array2table([xtemp(outlierx) ytemp(outlierx)],’VariableNames’,{’X’ ’Y’}))
ques= input(’Do you want to delete outliers? Y/N [Y]: ’, ’s’);
disp(’ ’)
if isempty(ques) || upper(ques)==’Y’
ytemp(outlierx)=[]; xtemp(outlierx,:)=[];
[par,pINT,R] = regress(ytemp,xtemp);
end
end

xtemp(:,2)=[]; %delete column 2
%save coefficients
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N(1)=par(1); q(1)=par(2);

%standard error of regression coefficients
%Student’s critical value
num=length(xtemp);
xmean=mean(xtemp); xstd=std(xtemp);

if isvector(y)
criv=tinv(0.975,num-2);
else
criv=tinv(0.975,sum(num(y))-3);
end
N(2)=(pINT(3)-par(1))/criv; %slope standard error
N=[N pINT(1,:)]; %add slope 95% C.I.
q(2)=(pINT(4)-par(2))/criv; %intercept standard error
q=[q pINT(2,:)]; %add intercept 95% C.I.

slope.value=N(1); slope.se=N(2); slope.lv=N(3); slope.uv=N(4);
intercept.value=q(1); intercept.se=q(2); intercept.lv=q(3); intercept.uv=q(4);

%Pearson’s Correlation coefficient
[rp,pr,rlow,rupper]=corrcoef(xtemp,ytemp);
rval(1)=rp(2); rval(2)=realsqrt((1-rval(1)ˆ2)/(num-2)); rval(3)=rlow(2); rval(4)=rupper

(2);

%Adjusted Pearson’s Correlation coefficient
rval(5)=sign(rval(1))*(abs(rval(1))-((1-abs(rval(1)))/(num-2)));

%Spearman’s Correlation coefficient
[rvalx]=tiedrank(xtemp);
[rvaly]=tiedrank(ytemp);
diff=rvalx-rvaly;
spearman=1-(6*sum(diff.ˆ2)/(numˆ3-num));
rs=[spearman NaN tanh(atanh(spearman)+[-1 1].*(1.96/realsqrt(num-3))) NaN];

%Total Variability
yavg=polyval(par,xmean);
vtot=sum((ytemp-yavg).ˆ2);

%Regression Variability
ystart=ytemp-R;
vregress=sum((ystart-yavg).ˆ2);

%Residual Variability
vresidual=sum(R.ˆ2);

%regression standard error (RSE)
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if isvector(y)
RSE=realsqrt(vresidual/(num-2));
else
if ˜isempty(outlierx) && (isempty(reply) || upper(reply)==’Y’)
y2=y; y2(outlierx)=[];
RSE=realsqrt((vresidual+sum(sum((y2-repmat(ytemp’,num(y,1),1)).ˆ2)))/(sum(num(y2))-3));
else
RSE=realsqrt((vresidual+sum(sum((y-repmat(ymean’,num(y,1),1)).ˆ2)))/(sum(num(y))-3));
end
end

%Confidence interval at 95% of regression
sumy=RSE*realsqrt(1/num+(((xtemp-xmean).ˆ2)/((num-1)*xstdˆ2)));
cir=[ystart+criv*sumy ystart-criv*sumy];

%Confidence interval at 95% of a new observation (this is the confidence
%interval that should be used when you evaluate a new y with a new observed x)
%sumy2=realsqrt(sumy.ˆ2+RSEˆ2);
%cir2=[ystart+criv*sumy2 ystart-criv*sumy2];

%stats.rse=RSE; stats.criv=criv; stats.num=num;
%stats.xm=mean(x); stats.ym=yavg; stats.sse=sum((xtemp-xmean).ˆ2); stats.r=rval;

%display results
if avgm==1
div=repmat(’-’,1,80);
disp(’REGRESSION SETTING X AS INDEPENDENT VARIABLE’)
disp(div)
disp(array2table([N;q],’RowNames’,{’Slope’,’Intercept’},’VariableNames’,{’Value’,’

Standard_Error’,’Lower_bound’,’Upper_bound’}))
fprintf(’\t\t\tCorrelation Coefficients\num’)
disp(div)
disp(array2table([rval;rs],’RowNames’,{’Pearson’,’Spearman’},’VariableNames’,{’Value’,’

Standard_Error’,’Lower_bound’,’Upper_bound’,’Adjusted’}))
fprintf(’\t\t\tVariability\num’)
disp(div)
disp(array2table([RSE vtot vregress vregress/vtot*100 vresidual vresidual/vtot*100],’

RowNames’,{’Regr_SE’},’VariableNames’,{’Value’,’Total’,’By_Regression’,’Percent1’,’
Residual’,’Percent2’}))

disp(’ ’)

%test on slope
stregress=cell(2,5);
stregress{1,1}=abs(N(1)/N(2)); %Student’s t
stregress{1,2}=criv; stregress{1,3}=pr(2);
if stregress{1,1}>stregress{1,2}
stregress{1,5}=’slope ˜= 0’;
stregress{1,4}=1-tcdf(tinv(1-alpha,num-2) - stregress{1,1},num-2);%Power estimation.
else
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stregress{1,5}=’slope = 0’;
stregress{1,4}=tcdf(stregress{1,1} - tinv(1-alpha,num-2),num-2);%Power estimation.
N(1)=0;
end
stregress{2,1}=abs(q(1)/q(2)); %Student’s t
stregress{2,2}=criv; stregress{2,3}=(1-tcdf(stregress{2,1},num-2))*2; %p-value
if stregress{2,1}>stregress{2,2}
stregress{2,5}=’intercept ˜= 0’;
stregress{2,4}=1-tcdf(tinv(1-alpha,num-2) - stregress{2,1},num-2);%Power estimation.
else
stregress{2,5}=’intercept = 0’;
stregress{2,4}=tcdf(stregress{2,1} - tinv(1-alpha,num-2),num-2);%Power estimation.
q(1)=0;
end

% Regression Plot
figure(’Color’,[1 1 1],’outerposition’,get(groot,’ScreenSize’));
subplot(2,1,1);
if isvector(y)
plot(x,ymean,’ko’,xtemp,ystart,xtemp,cir,’b’,xtemp,cir2,’r’);
else
hold on
plot(x’,ymean,’LineStyle’,’none’,’Marker’,’o’,’MarkerEdgeColor’,’r’)
plot(xtemp,ystart,’k’,xtemp,cir,’b’,xtemp,cir2,’r’);
hold off
end
text=sprintf(’Blue dotted lines: 95%% Confidence interval of regression\nRed dotted lines

: 95%% Confidence interval of new y value based on the regression’);
title(text)

Script #2: Function to transform initial velocity values into Michaelis-Menten (non-
linear regression) and Lineaweaver Burk plots (linear regression)

function michmout=michmin(S,v)
%
%
% Syntax: michmout=michmin(S,v)
%
% Inputs:
% S - data array of substrate concentrations
% v - data array of measured initial velocities
% Outputs:
% - Vmax and Km estimation by
% - Tables of:
% 1) Michaelis-Menten non linear regression
% 2) Lineweaver-Burk Linear Regression
% - A plot of the Michaelis-Menten Non-Linear Fit with the estimated Km and Vmax

parameters
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%
%
%
% To run this function, another function called lslregr is required. Please save it in

the same working folder.

%%%%% Stats and Regression

%Input Error handling
par=inputParser;
addRequired(par,’S’,@(x) validateattributes(x,{’numeric’},{’vector’,’real’,’finite’,’

nonnan’,’nonnegative’,’row’,’increasing’}));
addRequired(par,’v’,@(x) validateattributes(x,{’numeric’},{’vector’,’real’,’finite’,’

nonnan’,’nonnegative’,’row’,’increasing’}));
parse(par,S,v)
assert(length(S)==length(v))
clear par

%set the constants
num=length(S); % # data points
vcrit=tinv(0.95,num-2); %confidence interval critical value
div=repmat(’-’,1,100); %divisor
txtlbl={’Michaelis & Menten Non Linear Fit’ ’[S]’ ’v’;

sprintf(’Lineweaver-Burk\n(x=1/S; y=1/v)’) ’1/[S]’ ’1/V’}

KM=NaN(2,4); VMAX=KM;
disp(div)
fprintf(’Lineweaver-Burk Model (x=1/S; y=1/v => Vmax=1/q; Km=m/q)...\n’)
disp(div)

[x,Yval]=sort(1./S); y=1./v(Yval);
[slope, intercept, stats]=lslregr(x,y,0);
VMAX(1,1:2)=[1/intercept.value intercept.se/intercept.valueˆ2]; VMAX(1,3:4)=VMAX(1,1)+[-1

1].*vcrit*VMAX(1,2);
KM(1,1:2)=[slope.value/intercept.value realsqrt((intercept.value*slope.se)ˆ2+(slope.value

*intercept.se)ˆ2)/intercept.valueˆ2]; KM(1,3:4)=KM(1,1)+[-1 1].*vcrit*KM(1,2);
%disppar(1)
clear x y slope intercept stats
disp(’ ’)

%Michaelis and Menten non linear hyperbolic fit
xfit = S(:); yfit = v(:)

%Check if x and y are valid
valid = isfinite(xfit) & isfinite(yfit);
if ˜all(valid)
warning( ’GenerateMFile:IgnoringNansAndInfs’, ...
’Ignoring NaNs and Infs in data’ );
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end

%set fitting options:
fitt = fitoptions(’method’,’NonlinearLeastSquares’,’Robust’,’On’,’Lower’,[0 0],’

DiffMaxChange’,9.9999999999999995475e-07);
%Set the Michaelis & Menten equation
set(fitt,’Startpoint’,[KM(1,1) VMAX(1,1)]);

ftmodel = fittype(’(Vmax*x)/(Km+x)’,...
’dependent’,{’y’},’independent’,{’x’},...
’coefficients’,{’Km’, ’Vmax’});

% Fit this model using the x and y values
[cf, goodness] = fit(xfit(valid),yfit(valid),ftmodel,fitt);

%Display the results
disp(div)
fprintf(’Michaelis & Menten Nonlinear Fit...\n’)
fprintf(’\tR = \t%0.4f\n’,sqrt(goodness.rsquare))
disp(cf)
disp(div)
disp(’ ’)

par=coeffvalues(cf); KM(2,1)=par(1); VMAX(2,1)=par(2);
par=confint(cf); KM(2,3:4)=par(1,:)’; VMAX(2,3:4)=par(2,:)’;
KM(2,2)=(KM(2,4)-KM(2,1))/vcrit;
VMAX(2,2)=(VMAX(2,4)-VMAX(2,1))/vcrit;
clear par st fitt ft cf goodness

disp(array2table(KM,’VariableNames’,{’KM’,’Std_Err’,’Lower_bound’,’Upper_bound’},...
’Rownames’,{’Lineweaver_Burk’,’Michealis_Menten_Fit’}));

disp(array2table(VMAX,’VariableNames’,{’VMAX’,’Std_Err’,’Lower_bound’,’Upper_bound’},...
’Rownames’,{’Lineweaver_Burk’,’Michealis_Menten_Fit’}));

if nargout
michmout.KM=KM;
michmin.VMAX=VMAX;
end

%%%%Plotting

%%Michaelis & Menten Non Linear Plot
x=S; y=v;
[˜,xtick,ytick]=kingraph(1,VMAX(2,1),KM(2,1));
H=text(5*xtick,VMAX(2,1)+3*ytick,[’Vmax = ’ num2str(VMAX(2,1))]); set(H,’Color’,’b’)
H=text(KM(2,1)+5*xtick,VMAX(2,1)/2,[’Km = ’ num2str(KM(2,1))]); set(H,’Color’,’b’)
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function [out1,out2,out3]=kingraph(P,m,q,lbls) % main plot function
xtick=range(x)/50; ytick=range(y)/50;

%Plot the data points

plot(x(1:end),y(1:end),’Marker’,’o’,’MarkerEdgeColor’,’b’,’MarkerFaceColor’,’b’,’
MarkerSize’,10,’LineStyle’,’none’)

hold on

% %Plot the regression line (black)

hold on
xs=linspace(0,max(x),500); ys=(m.*xs)./(q+xs);
plot(xs,ys,’k’,’Linewidth’,2)

as=axis; out2=xtick;

if nargout
out1=as;
out3=ytick;

end
hold on

plot(as(1:2),[m m],’k--’) %plot the Vmax asymptote
plot([0 q],[m m]./2,’k--’,[q q],[0 m/2],’k--’) %plot the Km coordinates

axis square

% %set the labels
xlabel(txtlbl(1,2))
ylabel(txtlbl(1,3))

end

set(gca,’fontsize’,16,’linewidth’,1.5); %setting the font size of axis
eginnaxis tight

end
Script #3: Determine the Km value using the enzyme kinetic profile measured with

chronoamperometry

%Microelectrode Shape: Disk
%Microelectrode Diameter: 10 micron
%iss=4*B*n*F*D*C*a
D=1.2E-6 %cmˆ2/s
F=96485.33 %C.mol-1= A*s/mol
B=1.04 %Rg value=5
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a=5 %Microelectrode radius in micron
a=5*10ˆ-4 %cm
n=1 % Number of electrons
C=56.8 %enzyme concentration in U/mg
di=input(’Please input the di value in picoamps’)
dt=input(’Please input the dt value in seconds’)
di=di*10ˆ-12 %in pA
dt=dt/60 %in mins
didt=di/dt
k=1 %convert cmˆ3 into mL factor
EA=didt/(4*n*F*D*B*a)%[mol/mL.min]
EA=EA*10ˆ6 %[micromol/mL.min]
Vtot=input(’Please input the total volume in uL’)
Venz=input(’Please input the enzyme volume in uL’)
SEA=EA*((Vtot+Venz)/Venz)*(1/C)
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B.1 Supporting Figures and Tables

Figure B.1: Carbon Fibre Microelectrode (CFME) fabrication and H2O2 electrochemical
detection. A) Side view of optical microscope image of 7 µm CFME (scale bar = 50 µm).
B) Top view 7 µm CFME (scale bar = 20 µm). C) Side view of optical microscope image
of 10 µm CFME (scale bar = 50 µm). D) Top view 7 µm CFME (scale bar = 50 µm). E)
Characterization of CFMEs with cyclic voltammetry (CV) in 1mM FcMeOH (-0.1 V to 0.5
V vs. Ag/AgCl, 0.10 Vs−1). F) Chronoamperograms representing the oxidation of H2O2 (0,
2.5, 5, 10, 20 µM) at 0.5 V with 7 µm CFMEs. G) CVs (0.10 Vs−1) with 10 µm CFMEs of
H2O2 at various reversal potentials (Erev). H) CVs at various scan rates with 10 µm CMEs
in H2O2 (- 0.1 V to 1.4 V vs. Ag/AgCl).
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Figure B.2: Oxidation of H2O2 at Pt MEs. A) CV representing the oxidation of 750 µM
H2O2 at bare 25 µm Pt MEs (-0.1 V – 0.9 V, 0.1 Vs−1). B) Stress test of the PPD-Pt ME
in 100 mM H2O2 using CVs (0.10 Vs−1). Arrow represents the direction of increasing cycle
number.

Table B.1: Comparison of D-serine biosensors based on DAAO.

Geometry (µm) & Material DAAO Origin Sensitivity (µA cm−2mM−1) LOD (µM) Cost($-$$$)

Reference

10 Pt Disk Rhodotorula gracilis 236 0.43 $

Experimental

25x 150 Pt/Ir, Cylindrical Rhodotorula gracilis 87 ± 27 0.016 $$
1

125 µm Pt/Ir (90%/10%), Disk Porcine kidney 54 ± 1 20 ± 1nM $$
2

125 x 1000 Pt/Ir, Cylindrical Porcine kidney 61 ± 7 N/A $$
2

25x 150 Pt/Ir , Cylindrical Rhodotorula gracilis 212 ± 119 0.0009 $$
3

3000 Glassy carbon, Disk Porcine kidney 0.08 2 $
4

25 Pt, Disk Rhodotorula gracilis 276 ± 6 0.6 $
5

25x 150 Pt/Ir, Cylindrical - 128 ± 5 0.007 $$$
6
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Figure B.3: Optimization of PPD layer. A) Electrochemical treatment of the PPD-Pt ME
in PBS (0.1 M, pH 7.4) to remove residual monomer on the PPD-Pt ME surface (20 cycles).
B) Effect of 3 PPD cycles vs 5 PPD cycles on the sensor response to H2O2. C) Stability of
stored Pt-PPD MEs. MEs were stored dry at 4oC and the response towards the oxidation
of 10 µM H2O2 (Eapp=0.5 V) is shown (n=6).



223 B.1. Supporting Figures and Tables

Figure B.4: Selectivity of the non-functionalized biosensor towards 10 µM serotonin (5-
HT), 100 µM ascorbic acid (AA), 10 µM acetylcholine (Ach), 10 µM dopamine (DA), 50
µM 3,4-dihyroxylphenylacetic acid (DOPAC), 10 µM H2O2, 50 µM 5-hydroxyindoleactic
acid (5-HIAA) and 10 µM homovanillic acid (HVA). The current was recorded at 0.50 V
vs. Ag/AgCl. Error bars represent the SEM (n=3). A) Biosensor selectivity before PPD
electrodeposition (black) and after PPD electrodeposition (red). B) Expanded view of the
biosensor selectivity after PPD electrodeposition demonstrating highest selectivity of the
PPD layer towards H2O2 (grey) amongst the other analytes (black). Approximately 4 pA
of current is due to the non-faradic current contribution for all measured currents.

Figure B.5: Steady state response of different biosensors towards standard D-serine solutions.
A) D-serine detection with biosensors fabricated using enzyme stored >1 year in 0-200 µM
standard D-serine solutions. B) D-serine detection with biosensors fabricated with old glu-
taraldehyde in 0-100 µM standard D-serine solutions. No clear linear change in the current
is observed under both conditions.



B.1. Supporting Figures and Tables 224

Figure B.6: Effect of biosensor storage on biosensor response towards standard D-serine
solutions (2.5-50 µM). A) Calibration curves of biosensors stored wet in PBS at 4oC. B)
Individual calibration curves of biosensor stored dry in PBS at 4oC after 24h of storage. C)
Biosensor calibration curve over a 72 hour storage period : t=0 , I(pA) =0.1707 C (µM)
+ 0.1971, R2 =0.998 / t=24 , I(pA) =0.0765 C (µM) + 0.0406, R2 =0.982 / t=72 , I(pA)
=0.0546 C (µM) + 0.0537, R2 =0.998.
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Figure B.7: LC-MS data for the detection of various amino acids. A) Chromatograms
for various amino acids derivatized with Marfey’s reagent demonstrating different retention
times for various amino acids (D-aspartate, D-alanine, glycine, D/L-serine internal standard:
600 µM, D-serine and L-serine 100 µM ) using LC-MS and the presence of none of the amino
acids in aCSF. B) Close up of the chromatograms in Fig. S7A). C) Spectra for the amino
acids showing peaks corresponding to the molecular weight of the derivatized amino acids.
D) Zoom of the chromatograms for D- and L-serine (100 µM) as well as an internal standard
with a mixture of D- and L-serine (600 µM). L-serine eluted at a shorter retention time than
D-serine.
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Figure B.8: Sample pre and post- experiment calibration curves. Pre-experiment calibration:
I (pA) = 0. 13357 × C (µM) - 0.1867; R2 = 0.993 ; LOD = 0.278 µM Post-experiment
calibration: I (pA) = 0. 28344 × C (µM) - 0.4985; R2 = 0.975 ; LOD = 0.0873 four hours
after the initial pre-experiment calibration.

Figure B.9: Ex vivo measurements using a null sensor. Measurements were noise reduced
using a smoothing digital filter. Unhighlighted portions correspond to the null response in
aCSF whereas highlighted portions correspond to the null response in the CM. The lack
of increase in current when the sensor is placed in CM exhibits no significant electroactive
interference in the current response.

Table B.2: Literature reporting LC-MS based D-serine detection.

Mode, pH Linear Range LOD (µM) Retention Time Reference

Negative Mode, 6.5 0-800 x 10−6 2.5 x 10−6 12.65 7

Negative Mode, 7.5 0.1– 72 0.1 3.07 8

Negative Mode, 6.5 0-100 0.2 - 22 12 9
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Figure B.10: Comparison of LC-MS and biosensor results for D-serine levels at ZT5, n=2
(1.09 ± 0.30 µM vs 0.93 ± 0.10 µM) and at ZT5 following 1 mM ATP incubation, n=2 (7.49
± 0.30 µM vs 0.87 ± 2.5 µM). A significant difference in D-serine levels associated with ATP
incubation is present (p < 0.05).

Figure B.11: Biosensor calibration curves pre- (I (pA) = 0. 1120 × C (µM) - 0.6897) and
post (I (pA) = 0. 0914 × C (µM) - 0.6452) in vivo measurements in standard D-serine
solutions performed in the Xenopus perfusion chamber.
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C.1 Experimental Methodology

C.1.1 Enzyme Preparation

Enzyme Purification and Concentration

All enzymes were purified by HiTrap chelating chromatography (GE Healthcare Bio-sciences).

Purification of hDAAO W209R was carried out with the exogenous FAD (40 µM) addition

to all purification buffers. The final preparation of RgDAAO WT and RgDAAO M213G

was stored in 20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 10% glycerol, and 5 mM 2-β-

mercaptoethanol. The final preparation of hDAAO W209R was stored in 20 mM Tris-HCl,

pH 8.0, 100 mM NaCl, 10% glycerol, 5 mM 2-β-mercaptoethanol and 40 µM FAD. Enzyme

purity was confirmed by SDS-PAGE. Enzymes were concentrated with a centricon ultrafiltra-

tion device (MW cutoff = 30 kDa, Amicon). Protein concentration of the purified enzymes

was determined using the extinction coefficient at 450 nm (12.6 mM−1 cm−1 for RgDAAO

enzymes and 12.2 for hDAAO enzymes).1–3

Biochemical Activity Assay Enzyme Characterization

Standard polarographic assays (0.253 mM O2, 25oC) for RgDAAO WT, RgDAAO M213G

and hDAAO W209R with 28 mM D-alanine in 50 mM sodium pyrophosphate, pH 8.5 (con-

taining 40 µM FAD for hDAAO W209R) were employed. One enzyme unit is defined as

the amount of enzyme that converts 1 µmol of D-amino acid per minute at 25oC. Substrate

specificity was investigated by a spectrophotometric assay based on detection of hydrogen
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peroxide production using a coupled assay with peroxidase and o-dianisidine (o-DNS, ε=13

mM−1cm−1).4 Briefly, H2O2 produced from DAAO is reduced by horseradish peroxidase that

simultaneously oxidizes o-DNS to give a colored compound with an absorption maximum at

440 nm. Different concentrations of standard D-alanine (10 µM - 25 mM), D-serine (10 µM

- 25 mM) and glycine (100 µM - 1 mM) were tested as substrates.

Enzymatic Biosensor Preparation

For biosensor development, the final RgDAAO WT was concentrated to 56.8 mg mL−1 in

0.01 M PBS, pH 7.4 containing 1% glycerol and 25 mg mL−1 BSA. The final RgDAAO

M213G solution of was concentrated to 48 mg mL−1 in 0.01 M PBS, pH 7.4, containing 1%

glycerol and 23 mg mL−1 BSA. The final hDAAO W209R solution of was concentrated to 45

mg mL−1 protein using a centricon device (MW cutoff = 10 kDa, Amicon) and stored in 0.01

M PBS, pH 7.4, containing 1% glycerol and 23 mg mL−1 BSA. Pt disk MEs (10 µm) were

prepared according to previously reported procedure.5 Briefly, a soda-lime glass capillary

was pulled and a Pt wire was inserted into the capillary, which was then sealed. The ME

tip was polished until the Pt wire was exposed, revealing a disk-shaped surface geometry.

The final ME was rinsed with deionized water (18.2 MΩ), 70% ethanol, and acetone. The

Rg is the ratio of the glass sheath to the diameter of the electroactive surface and was

confirmed with optical microscopy using a customized Axio Vert A1 inverted microscope

(Zeiss, Oberkochen, Germany) to be between 2-3 for all MEs. A permselective polymer

was then electrodeposited onto the electrode surface using cyclic voltammetry (0 to +1 V,

5 cycles) with 0.1 M PPD prepared in 0.01 M PBS (pH 7.4). The full biosensors were
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fabricated according to a literature protocol.6 Briefly, 2 µL of each enzyme was drop-casted

onto a PDMS coated glass slide. The PPD-ME was immersed in the enzyme droplet for five

seconds and then removed to dry for 4 minutes. This procedure was repeated four times,

followed by enzyme crosslinking using glutaraldehyde solution (50% v/v in H2O). Scheme

Figure C.1 shows the complete biosensor development approach with all enzymes.
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Figure C.1: Approach to multiple biosensor development. A) To express a select enzyme,
E.coli cells are transformed with a plasmid containing the gene encoding the enzyme and
the gene for antibiotic resistance. The cells are then plated on agar in the presence of
AMP and CAP to obtain individual cell clones. B) The clones are used to inoculate LB
broth and protein expression was induced with IPTG. Following growth, cells are harvested
by centrifugation and the enzyme was purified by HiTrap chelating chromatography. C)
Following enzyme concentration, the enzymes are deposited into the surface of different
PPD-modified Pt MEs.

C.1.2 Instrumentation

Spectrophotometric measurements were performed using a thermostated UV/Vis spectropho-

tometer (V-560, Jasco) at 25 oC. Electrochemical measurements were performed using an
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Electrochemical Probe Scanner 3 (Heka Elektronik, Lambrecht, Germany). All potentials

were recorded relative to a Ag/AgCl QRE (fabricated in-house, radius=0.125 mm).5 All

electrochemical solutions were prepared in phosphate-buffered saline (PBS, 0.01 M, pH

7.4). Measurements performed using chronoamperometry, involved a ME biased at 0.5 V vs.

Ag/AgCl. All recorded potentials are reported against an Ag/AgCl reference.

C.1.3 Characterizations of Free and Crosslinked RgDAAO

TEM Characterization

TEM images were acquired using a Brightfield Philips CM200 TEM at 200 kV. One µL of

RgDAAO was dropcasted onto the TEM carbon coated copper grid (TED PELLA, Inc.), left

to dry and crosslinked with glutaraldehyde. The enzyme film was rinsed with PBS to remove

unbound protein (0.01 M, pH 7.4) and exposed to either PBS or 0.1 or 1 mM -alanine for 5

minutes before rinsing with PBS, air drying and acquiring TEM images.

Electrochemical Characterization

Chronoamperograms were recorded using an RgDAAO biosensor. Following immersion in a

PBS solution, the biosensor was placed in solutions of 0.1 mM and 1 mM D-serine and D-

alanine individually. The current profile corresponding to the oxidation of H2O2 produced by

the enzymatic reaction was followed for a period of 15 min. To compare the behavior of the

final biosensor to the soluble crosslinked RgDAAO and free RgDAAO, chronoamperograms

were recorded in 1 mM D-alanine. RgDAAO solution crosslinking was achieved placing the
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enzyme in a glutaraldehyde desiccator.

Circular Dichroism Characterization

CD spectra were recorded at 25 oC on a Jasco J-810 spectropolarimeter using a 1 cm path

length cuvette.7 Temperature was kept constant using a Peltier unit. Spectra were recorded

from 230 to 350 nm, at a response time of 4.0 s with three spectra acquisitions. The enzyme

concentration of the free and self-crosslinked samples was 0.2 mg mL−1 in 0.1 M PBS, pH

7.4.

FTIR Characterization

Infrared spectra were measured using an FTIR spectrometer (Bruker) with attenuated total

reflectance (ATR). Seven scans corrected for PBS were collected per spectrum; the resolution

was 4 cm−1. Two µL of each sample were drop casted onto the detector.

DLS Characterization

A DLS spectrometer (Brookhaven instruments) was used to measure the particle size disper-

sion. Measurements were recorded with a 90 angle degree light with a wavelength of 659 nm

using a square polystyrene cell, at 25oC. Measurements were recorded for 120 seconds with

an equilibration time. A dust filter for <10 nm particles was applied. Three measurements

for each sample were taken. Measurements were completed at pH 7.4 where the real refrac-

tive index of the particles was set to 1.590 assuming uniform spheres. Baseline normalization

was applied.
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C.1.4 Structural Analysis and Calculations

All structure figures in the manuscript were prepared with PyMOl. To calculate the %

surface solvent accessible surface area, the percent ratio of solvent accessible surface area to

molecular surface area was computed on PyMOL. The non-polar contacts were found using

PyMOL by displaying solvent non-polar interactions with the enzymes.
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C.2 Supporting Figures and Tables

Figure C.2: Development of hDAAO W209R biosensors where the steady-state current re-
sponses at various concentrations of standard D-alanine solutions are shown. A) Uncon-
centrated hDAAO W209R (9 mg mL−1) in 0-50 µM D-alanine solutions. B) Concentrated
hDAAO (45 mg mL−1). The biosensor was placed in PBS buffer, 2.5 µM D-alanine with 100
µM FAD. As a control to evaluate the lack of FAD electrochemical activity, the order was
also reversed. C) Concentrated hDAAO W209R (45 mg mL−1) co-immobilized with 100 µM
FAD. D) Concentrated hDAAO (45 mg mL−1) where 100 µM FAD is present in all of the
D-alanine solutions.
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Table C.1: Biosensor calibration curve regression parameters.

RgDAAO WT RgDAAO M213G hDAAO W209R

D-ser (n=3) D-ala (n=3) D-ser (n=3) D-ala (n=3) D-ser (n=3) D-ala (n=3)

R2 0.997 0.999 0.993 0.999 0.986 0.984

m 0.090 0.154 0.104 0.117 0.143 0.291

b 0.039 0.120 0.124 -0.123 0.442 0.789

Figure C.3: Calibration of biosensors stored for 2 weeks dry at -20 oC. Calibrations were
carried out using standard solutions of 0–50 µM D-serine and: A) RgDAAO WT; B) RgDAAO
M213G; C) hDAAO W209R.

Table C.2: Effect of storage at -20 oC for two weeks on the linearity and slope of the biosensor
calibration curves.

Data RgDAAO WT RgDAAO M213G hDAAO W209R

Pre-Storage
I=0.0895x +0.120 I=0.104x+0.124 I=0.143x +0.442

R2=0.997 R2=0.990 R2=0.990

Post-Storage
I = 0.054 x + 0.281 I = 0.0768 x + 0.248 I = 0.130 x - 0.298

R2=0.950 R2=0.988 R2=0.990

Slope Decrease (%) 39.66 26.15 9.09

Table C.3: Effect of BSA on the specific activity of RgDAAO WT. The activity, expressed
as U·mg−1 protein, was assessed on 25 mM of substrate using the o-DNS assay (pH 8.5).

RgDAAO D-alanine D-serine

With BSA 105 48

Without BSA 103 48
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Figure C.4: Circular dichroism spectra of free (red) and crosslinked (black) RgDAAO WT
where the degree of ellipticity is shown as a function of wavelength. A) Spectra in the far-UV
range. B) Spectra in the near-UV range.

Figure C.5: FTIR spectra of free (black) and crosslinked (red) RgDAAO WT as well
as glutaraldehyde (blue). The major differences in the spectra between the free and
crosslinked RgDAAO correspond to the peaks representative of glutaraldehyde (3677.66,
2951.50, 1544.73, 1443.50, 1108.93 and 995.85 cm−1)
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Figure C.6: Chronoamperograms measured with a PPD-ME poised at 0.5 V vs. Ag/AgCl.
The electrochemical current response of DAAO incubated in 1 mM D-alanine was measured.
The PPD-ME was immersed in 1 mM D-alanine, to which the following was added: A) 0.5 µL
of free RgDAAO; B) 0.5 µL of glutaraldehyde-crosslinked RgDAAO. Each run corresponds
to a different measurement. DAAO was added at approximately 400 s for each run.

Figure C.7: Effective diameter determined from DLS measurements for D-alanine, free
RgDAAO in the presence of D-alanine and crosslinked RgDAAO in the presence of D-alanine.
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Figure C.8: TEM images showing the presence of DAAO/BSA mixture. A) TEM images
of crosslinked DAAO/BSA mixture onto the copper grid (scale bar = 0.5 µm) where region
A corresponds to protein presence and region B protein absence. B) EDS measurements on
the two different regions.

Table C.4: Effect of biosensor regeneration on its calibration, reported as equation of the
corresponding fit.

Data D-serine D-alanine

Pre-Regeneration
I=0.133x +0.205 I=0.159x+0.367

R2=0.943 R2=0.982

Post-Regeneration
I = 0.338 x + 0.373 I = 0.371 x + 1.246

R2=0.998 R2=0.976

Slope Increase (%) 153 133
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D.1 Experimental Methodology

D.1.1 DNA Sequencing of Clones

The DNA of the interesting clones was isolated using gel extraction and PCR cleanup

(Macherey Nagel). Briefly, 10-50 µL of crude extracts were inoculated in 3 mL LB with

Amp and Cam. DNA from 1.5 mL of the cultures was isolated and agarose gel electrophore-

sis was used to extract the band corresponding to the pT7 DNA. The DNA was excised and

eluted with 50 mL AE buffer. Ultracompetent E.coli JM109 cells were transformed using

5-10 µL of the DNA and the pT7 expressing cells were plated on AMP and CAM containing

LB agar plates. A single colony from each plate was picked for inoculation of the cells in

10 mL LB (with AMP and CAM). The pT7 plasmid DNA was extracted from the ultra-

competent cells, eluted with 50 µL mQ water and sent for sequencing (Milan, Italy). Prior

to sequencing, gel electrophoresis was performed (Figure D.1) to check for DNA presence in

the sample.

D.1.2 Well Plate Preparation

Well plates were prepared by cleaning a microscope glass slide. The glass slide was modified

with adhesive tape which had 4x5 rectangular grids printed on the surface. The modified

glass slide was coated in PDMS and stored in an oven overnight at 120oC. After 24 hours, a

surgical knife was used to remove the PDMS from the regions within the rectangular boxes,

creating evenly spaced wells with hydrophobic walls to contain liquid within.
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D.1.3 Null Experiments with PPD-ME and Glycine Oxidase

PPD-MEs were immersed in a solution of PBS buffer. A constant potential of 0.5V was

applied at the tip of the PPD-MEs and the current was monitored. After a period of 5

minutes, a cell suspension of HEK 293 cells was transferred to the well plate and the current

at 0.5 V from the cell suspension was measured. After a period of 10 mins, 2 µL GO H244K

enzyme was added to the cell suspension and the consumption of glycine released from HEK

293 cells was monitored indirectly through hydrogen peroxide production.

D.1.4 Interference Effect of Triton X-100 and Tween-20

GO H244K biosensors were immersed in 200 µL buffer. A constant potential of 0.5V was

applied at the tip of the biosensors and following recording baseline currents in PBS, 2 µL

Triton X-100 was added to the buffer solution. The same experimental protocol was repeated

with Tween-20.
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D.2 Supporting Figures and Tables

Figure D.1: Sample SDS gel confirming purity of protein in sample (A) unmodified SDS page
(B) Black and white image of SDS page for better visualization clarity. Numbers correspond
to enzyme/ marker (1. GO WT, 2. H244K, 3. H244Q, 4. H244F, 5. Marker)

Table D.1: Specific Activity (U.mg−1) of GO wild-type and GO Variants.

GO Mutant [Glycine] Specific activity (U.mg−1)

WT 100 mM 0.80

H244F 100 mM 0.523

H244K 100 mM 1.038

H244Q 100 mM 0.177

Table D.2: Kinetic parameters for GO variants of interest.

kcat KM,app kcat,app(mM)/KM,apps−1mM−1 Turnover Ratio (Enzyme:GO WT)

His-GO WT 0.60 ± 0.03 0.70 ± 0.10 0.86 1.00

His-GO H244Q 1.21± 0.06 0.90 ± 0.04 1.34 1.55

His-GO H244K 1.35 ± 0.05 0.14 ± 0.02 9.65 11.22
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Figure D.2: Corresponding S.E.M. values for the absorbance measurements as reported
in the manuscript. (A) SEM values for reported absorbances in Figure 1A. Position H11
corresponds to the clone for GO WT and position H12 corresponds to the control well without
cells. (B) SEM values for reported absorbances in Figure 1B. Position G5 corresponds to
the clone for GO WT and position H1 corresponds to the control well without cells. Grey
boxes represent empty wells.

Figure D.3: Calibrations of GO biosensors in standard solutions of glycine (A) 13.3 mg.mL-
1 GO WT biosensors in 100, 250, 500, 750, 1000 µM glycine. (B) 50 mg.mL-1 GO WT
biosensors in 25,50,75,100, 250, 500, 750, 1000 µM glycine. (C) 50 mg.mL-1 GO H244K
biosensors in 50,75,100, 250, 500, 750, 1000 µM glycine.
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Figure D.4: Calibrations of stored GO biosensors in standard solutions of glycine (A) GO
WT after 2 weeks of storage at 20oC in 0,25,50,75,100, 150, 250, 500, 750, 1000 µM glycine.
(B) GO H244K after 2 weeks of storage at 20oC in 0,50,100, 250, 500, 750, 1000 µM glycine.
CB) GO H244K after one day of storage at 4oC in 100, 250, 500, 750, 1000 µM glycine.

Figure D.5: Application of GO H244K biosensors for real-time detection of glycine(A) Pho-
tograph of experimental setup (B) Representative experimental curve from the biosensor
placed in PBS, followed by HEK 293 cells, followed by PBS (C) Representative experimental
curve from the null sensor placed in PBS, followed by HEK 293 cells, followed by PBS (D)
Representative experimental curve from the biosensor placed in PBS, followed by astrocytes,
followed by PBS (E) Representative experimental curve from the null sensor placed in PBS,
followed by astrocytes, followed by PBS.
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Figure D.6: Validation of biosensor measurements with (A) the PPD-ME immersed in PBS,
followed by cells and followed by the addition of 2 µL GO H244K enzyme. The current
corresponding to the application of 0.5V was monitored throughout the entire length of
the experiment (Inset). The steady state current was extracted and demonstrates glycine
turnover by the addition of GO H244K to the HEK 293 cells. Calibrations of GO biosensors
in standard solutions of glycine (B) LC-MS experiments where the peak at 6.90-7.00 min
corresponds to the glycine presence. Top to bottom: aliquot of HEK 293 sample (1), 1 mM
standard glycine, HEK 293 sample (2), HEK 293 sample (3).
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Figure D.7: Effect of the addition of (A) 1% Triton-X 100 (B)1% Tween-20 in PBS on the
current response measured with GO biosensors immersed in PBS (C) Histogram showing
steady state currents for biosensor immersed in surfactants. No increase in the steady state
current is observed, confirming that both surfactants do not interfere with the oxidation
current.
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D.3 Sensorlyze: A Biosensor Data Analysis Software

D.3.1 Motivation

Chronoamperometric measurements using biosensors allow for quantification of analyte con-

centrations in biological media. While relatively simple, chronoamperometric measurements

include a large number of data points and depending on the signal measurements, are prone

to being impacted by noise. These is no simple and easy platform that has the capacity

for data processing and filtering in the context of electrochemical biosensor data to generate

calibration curves and enable analyte quantification. Moreover, extracting useful informa-

tion from biosensor data points can be particularly challenging, especially from data of in

vivo biosensor measurements. Blips and spikes in data can occur and if they are not ac-

curately processed and electrical or thermal noise may easily be misinterpreted as a signal.

Additionally, each experiment is controlled by a large number of parameters set by either

the experimenter or the biosensor (i.e. according to the stimuli applied or the state of the

biological system in study). Based on the amount of data collected in this thesis, the next

logical step was to develop a tool to reduce time invested in data analysis and publication

ready figure generation. Sensorlyze is a graphical user interface (GUI) with four key main

modules/features: single sensor calibration, multiple sensor calibration, quantification and

data visualization. The development of this graphical user interface is key in enabling ac-

cess to beginners to the field of biosensors or even users, who do not have the preliminary

understanding of biosensor data programming protocols. The Sensorlyze manual is readily
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available at https://sibamoussa.github.io/sensorlyze/manual/. Additionally, Sensor-

lyze is data format flexible. That is, it allows for functionality of importing multiple data

formats from different manufacturers, which not possible with commonly used electrophysi-

ology software applied in neuroscience sensor-based research.

D.3.2 Software Development

Sensorlyze was built using Python 3.7 and Qt5. The following python packages were used:

numpy, pandas, scikitlearn, matplotlib, PyQT5, pyqtgraph, sklearn, seabornmatplotlib,

statistics, openpyxl, and xlwt. The software was designed to import files from a variety

of potentiostat manufacturers. Currently supported formats include: Excel (.xlsx), HEKA

Elektronik (.asc) ,Biologic (.txt), CH Instruments (.txt), and Sensolytics (.dat). PyQT was

chosen for building the GUI model because of its efficient and comprehensive framework,

with the optionality to connecting the GUI to a database, making it better performing than

Tkinter, despite its increased development complexity. Sensorlyze can run within Python or

as a standalone executable. It is currently only accessible for Windows (.exe). Output data

from Sensorlyze is exported as .xlsx and figures as .jpg /.tiff.

 https://sibamoussa.github.io/sensorlyze/manual/
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D.3.3 Sensorlyze User Manual

1. Getting Started: Installing Sensorlyze

Two options are available for running Sensorlyze:

- A standalone executable file

- The open-source python code for the software

Both options are available on github.

2. Running the executable file:

The .exe file is available for downloading. This version is currently only windows

compatible.

3. Running the open-source python code:

To run the python script, download the guisensorlyze.py file and supporting .py files.

Make sure that the supporting files are in the same folder as the main script. To

prompt the GUI, run guisensorlyze.py. The following packages are required to run the

script:

numpy, pandas, scipy, scikit, matplotlib, pyqt, sklearn

4. Using Sensorlyze : Start and Experiment Selection

Once the software is prompted to run either by running the source code or by clicking

on the icon of the .exe file, a window will appear, prompting the user to start or exit

Sensorlyze. Sensorlyze contains four modules, defined as experiments. Selecting start
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will prompt a new window [select experiment] to open (Figure D.8). Click on the grey

box to see a list of options. To perform the correct analysis, the user can navigate

through the options and select the option which matches best with the user analysis

needs.

Figure D.8: Screenshot of the main window pop up open prompting of the software to open
up and the experiment type selection window.

5. Analysis Options:

Single Sensor Calibration

This window is split into two main tabs. To go through the data analysis follow the

steps outlined for specified tab:

Tab 1: Single Sensor Analytics

a. Import a data file to visualize: To import, select the file in the directory of choice.

b. Select the Manufacturer and file type: The import file option currently supports

files from the following manufacturers: HEKA, Biologic, CH Instruments, Excel Select
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the desired file type to proceed.

c. Plot File: Current-time data within the selected file will be plotted.

d. Apply Noise Reduction Filter: Checking the box will apply the noise reduction filter.

The data is filtered using a first-degree polynomial Savitzky-Golay filter. The Savitzky-

Golay filter uses convolution-based filtering, i.e. fitting sub-sets of data points with a

low degree polynomial using linear least squares. Unchecking the box will remove the

noise filtered data and the original data will reappear.

e. Clear Plot: Clicking this button will clear the plot of the raw or filtered data.

f. Save Plot: The plot will be saved in the directory of choice. Current supported file

formats for saving graphics are: *.jpg and *.tiff file formats

g. Select Points: Checking the select points box will allow to extract the mean of the

current values over a time period of 30 seconds. Once the checkbox for select points

is chosen, a blue bar will appear. The blue bar is automatically set to average data

over a range of 30s. The range can be changed by moving either xmin or the xmax

limit of the bar further or closer (hover over the limit under a red vertical line appears

and then drag the line) Select points (with or without noise-reduction filter- range is

automatically set to 30 seconds, but can be modified) To select multiple points, click

in the middle of the bar, and drag the bar to the region(s) of interest.

h. Please input all concentrations with a space in between: Once the points of inter-

est are selected, to build a calibration curve, enter the concentrations corresponding

to each selection. Make sure to enter the concentrations in µM and with a space in

between each value.
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i. Done: When concentrations have been entered, click on the button done to proceed.

j. Export Data: Clicking on export data will export the mean currents from the selected

regions and the concentration corresponding to each region. The data is automatically

exported into an excel sheet named ”Results” in the same working directory as the

software files.

- To export points only and no concentrations, enter a range of indices instead of con-

centrations - To export the points and concentrations, click export data after including

the right concentration corresponding to each mean current.

k. Plot Calibration: Clicking on plot calibration will allow to visualize the current-

time calibration profile Clicking on plot calibration with cause the calibration profile

to appear along with three other options:

- Save Plot: Save the graphic in *.tiff or *.jpg file formats

- Clear Calibration Plot: Clear the calibration plot

- Export Calibration: The data will export to an excel sheet called Results in the

same working directory as the software If the regress data? box is checked, then the

regression parameters will also export to the same excel sheet.

l. Normalize Plot?: Checking the box for normalize plot will normalize to the baseline

through background current substraction. i.e. the first selected set of points using se-

lect points correspond to the current from the background signal. All following mean

currents are substracted from this baseline signal.

m. Plot Normalized Calibration: Clicking on plot normalized calibration will allow to

visualize the current-time calibration profile Clicking on plot normalized calibration
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will allow the calibration profile to appear along with three other options:

- Save Plot: Save the graphic in *.tiff or *.jpg file formats

- Clear Normalized Calibration: Clear the calibration plot

- Export Normalized Calibration: The data will export to an excel sheet called Results

in the same working directory as the software If the regress data? box is checked, then

the regression parameters will also export to the same excel sheet.

n. Regress Data?: Checking the box for regress data will cause the following regression

parameters to appear in a textbox above the calibration plot: - Slope, Intercept, R2

To show the regression data for the unnormalized calibration curve, make sure that

the checkbox for for normalize plot is unchecked. To show the regression data for the

normalized calibration curve, make sure that the checkbox for for normalize plot is

checked.

o. Export all Data: Clicking on export data will allow to export all data obtained from

this module into a single excel files consisting of multiple sheets.

- To export the data correctly, please ensure that the data is regressed for both the

unnormalized and normalized calibrations.

Exporting the data will generate an excel file with three sheets which consist of:

- Raw current-time series data

- Calibration data including the mean current values for each concentration and the

regression parameters

- Normalized calibration data including the mean current values for each concentration

and the regression parameters
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Multiple Sensor Calibration This window is split into two main tabs. To go

through the data analysis follow the steps outlined for each tab:

Tab 1: Analytics- Point Selection

a. Import a data file to visualize: To import, select the file in the directory of choice.

b. Select the Manufacturer and file type: The import file option currently supports

files from the following manufacturers: HEKA, Biologic, CH Instruments, Excel Select

the desired file type to proceed.

c. Plot File: Current-time data within the selected file will be plotted.

d. Please input the sampling range over which the values are to be averaged (seconds):

This option will allow the user to enter a sampling range (in seconds) over which the

current data is averaged. For example, if the user would like to get the mean current

for a 30 second sampling frequency, enter 30 into the textbox. The current data over

a range of 30s will be extracted from the plot each time the blue bar is moved. These

values will be averaged over time range to provide a mean current value.

e. Done: When the user has entered a value to change the sampling range, click on

done A blue bar will appear on the plot. This blue bar can be moved to different

regions of the data so that the data over the length of the bar is averaged and saved

each time it is moved.

f. Apply Noise Reduction Filter: Checking the box will apply the noise reduction

filter. The data is filtered using a first-degree polynomial Savitzky-Golay filter. The

Savitzky-Golay filter uses convolution-based filtering, i.e. fitting sub-sets of data points
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with a low degree polynomial using linear least squares. Unchecking the box will re-

move the noise filtered data and the original data will reappear. To select points from

the noise filtered plot, the points exported will not contain the original raw data. In-

stead, for the specific file, the mean currents from the noise filtered data are presented.

g. Done Point Selection: When selecting all regions of interest in the plot is completed,

click on done point selection.

h. Export Selected Points:

Clicking on export selected points will export the following to an excel file called

QuantSelectedPoints:

• Table 1 [Time Points(first,last)]: A row with range of time points for each selection

made in the data file (i.e. for each time the blue bar was dragged from one region to

another). Only the first and last time point for each selected region are recorded. A

row above with the corresponding point indices is also included.

• Table 2 [Current Values(first,last)]) : A row with first and last current reading

collected from the range of time points for each selection made in the data file (i.e. for

each time the blue bar was dragged from one region to another). Only the first and

last time current reading for each selected region are recorded. A row above with the

corresponding point indices is also included.

• Table 3 [Mean Currents (A)]: A row with the mean current from the average of

current values across the range of time points for each selection made in the data file.

(i.e. if the length of the blue bar was 30s, the first index would include the average

of currents measured for 30s corresponding to the first region the blue bar was moved
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to). A row above with the corresponding point indices is also included.

Notes:

- All indexing begins at zero.

- The data is automatically exported into an excel sheet named ‘QuantSelectedPoints‘

in the same working directory as the software files.

i. Clear Selections:

Clicking on clear selections will remove the blue bar and allow to select a different

sampling range and a new set of points to be exported.

Tab 2: Analytics- Calibration Statistics

a. Plot Calibration: Clicking on plot calibration will show a plot of the calibration

along with the following regression parameters: - R2, Slope, Intercept, LOD, and LOQ

* LOD is the limit of detection, defined as 3 times the standard deviation of the blank

signal divided by the slope of the regression line.

* LOQ is the limit of quantification, defined as 10 times the standard deviation of the

blank signal divided by the slope of the regression line.

Note: Values will show to 3 decimal places. If a value of 0 appears, exporting the data

will show the real value.

b. Save Calibration Plot:

Clicking on save calibration will allow to save the plot in the directory of choice.

Current supported file formats for saving graphics are: *.jpg and *.tiff file formats

c. Export Calibration Data:
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Clicking on export calibration data will automatically save the calibration data in an

excel file named Calibration located in the same working directory as the software.

The data exported data will consist of two tables in the same sheet:

- Table 1: Columns with the 1) concentration, 2) average currents from all the data

files for each concentration , 3) standard deviation for the currents used to calculate

the mean current , standard error of the mean (SEM) for each mean current value

- Table 2: Calibration regression statistics [ R2, Intercept, Slope, LOD, and LOQ]

d. Plot Normalized Calibration:

Clicking on plot normalized calibration will show a plot of the normalized calibration

along with the following regression parameters: - R2, Slope, Intercept, LOD, and LOQ

Notes: - Values will show to 3 decimal places. If a value of 0 appears, exporting the

data will show the real value. - Normalized currents are background signal subtracted

current values.

e. Save Normalized Calibration Plot: Clicking on save normalized calibration will al-

low to save the plot in the directory of choice. Current supported file formats for saving

graphics are: *.jpg and *.tiff file formats

e. Export Normalized Calibration Data: Clicking on export normalized calibration

data will automatically save the calibration data in an excel file named Normalized

Calibration located in the same working directory as the software. The data exported

data will consist of two tables in the same sheet:

- Table 1: Columns with the 1) concentration, 2) background subtracted average cur-
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rents (normalized average currents) from all the data files for each concentration ,

3) standard deviation of the normalized currents used to calculate the mean current,

standard error of the mean (SEM) for each normalized mean current value -

Table 2: Calibration regression statistics [ R2, Intercept, Slope, LOD, LOQ, Standard

Deviation of the Blank**]

For each set of currents obtained for a single data file, the currents are normalized

by subtracting the background current from each current value. Once this has been

completed for each file, the mean current for each concentration from the different files

is calculated and displayed in the table. The standard deviation for the baseline (zero)

concentration will always be zero.

The standard error of the mean for the baseline (zero) concentration will always be

zero.

*** For LOD and LOQ calculations, the the standard deviation of the blank used is

the standard deviation of the unnormalized current readings for the blank signals.

Quantification

This window is split into two main tabs. To go through the data analysis follow the

steps outlined for each tab:

Tab 1: Analytics- Point Selection

a. Import a data file to visualize: To import, select the file in the directory of choice.

b. Select the Manufacturer and file type:

The import file option currently supports files from the following manufacturers: HEKA,
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Biologic, CH Instruments, Excel Select the desired file type to proceed.

c. Plot File: Current-time data within the selected file will be plotted.

d. Please input the sampling range over which the values are to be averaged (seconds):

This option will allow to enter a sampling range (in seconds) over which the current

data is averaged.

For example, if the user would like to get the mean current for a 30 second sampling

frequency, enter 30 into the textbox. The current data over a range of 30s will be

extracted from the plot each time the blue bar is moved. These values will be averaged

over time range to provide a mean current value.

e. Done: When a value to change the sampling range is entered, click on done A blue

bar will appear on the plot. This blue bar can be moved to different regions of the

data so that the data over the length of the bar is averaged and saved each time it is

moved.

f. Apply Noise Reduction Filter: Checking the box will apply the noise reduction filter.

The data is filtered using a first-degree polynomial Savitzky-Golay filter. The Savitzky-

Golay filter uses convolution-based filtering, i.e. fitting sub-sets of data points with a

low degree polynomial using linear least squares. Unchecking the box will remove the

noise filtered data and the original data will reappear. If points from the noise filtered

plot are selected, the points exported will not contain the original raw data. Instead,

for the specific file, the mean currents from the noise filtered data are presented.

g. Done Point Selection: When selecting all regions of interest in the plot is complete,

click on done point selection
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h. Export Selected Points: Clicking on export selected points will export the following

to an excel file called QuantSelectedPoints:

• Table 1 [Time Points(first,last)]: A row with range of time points for each selection

made in the data file (i.e. for each time the blue bar was dragged from one region to

another). Only the first and last time point for each selected region are recorded. A

row above with the corresponding point indices is also included.

• Table 2 [Current Values(first,last)]) : A row with first and last current reading

collected from the range of time points for each selection made in the data file (i.e. for

each time the blue bar was dragged from one region to another). Only the first and

last time current reading for each selected region are recorded. A row above with the

corresponding point indices is also included.

• Table 3 [Mean Currents (A)]: A row with the mean current from the average of

current values across the range of time points for each selection made in the data file.

(i.e. if the length of the blue bar was 30s, the first index would include the average

of currents measured for 30s corresponding to the first region the blue bar was moved

to). A row above with the corresponding point indices is also included.

Notes:

- All indexing begins at zero.

- The data is automatically exported into an excel sheet named ‘QuantSelectedPoints‘

in the same working directory as the software files.

i. Clear Selections: Clicking on clear selections will remove the blue bar and allow to

select a different sampling range and a new set of points to be exported.
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Tab 2: Analytics- Analyte Quantification

a. Please input the regression line slope: Input the slope of the regression line. This

could be a slope obtained through earlier analysis using the Analytics- Point Selection

tab.

b. Please input the regression line intercept: Input the intercept for the same regres-

sion line as the one used for the slope input.

c. Please input the current value: Input the current reading. Make sure that the cali-

bration regression line parameters correspond to the same sensor used for experimental

measurements.

d. Done: Once all fields are complete in the textboxes above this button, click on Done.

Clicking on done will add the entered values into the table displayed on the window.

e. Calculate concentration: After clicking on done, click on calculate concentration to

calculate analyte concentration from the current reading and the regression parame-

ters. The calculated concentration will appear in the concentration row in the table.

Steps a-e can be repeated multiple times, with either the same regression parameters

or varying regression parameters, to calculate the concentration for multiple sensor

readings from the current values. Currently, the table can hold up to 12 measure-

ments/readings.

f. Export table: Clicking on export table will allow to export the table to an excel file.

The file can be named and saved in the directory of choice as a .xslx file.

g. Clear table: Clicking on clear table will clear all tabular values. It is possible to

re-populate the table by inserting new values into the textboxes in the window.
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Data Visualization This window consists of solely one tab. To go through the data

analysis follow the steps outlined:

Tab 1: Visualize Data

a. Import a data file to visualize: To import, select the file in the directory of choice.

It is possible to import one file or multiple files simultaneously by clicking the ctrl

button and the filename.

b. Select the Manufacturer and file type: The import file option currently supports

files from the following manufacturers: HEKA and Biologic Select the desired file type

to proceed.

c. Select X-Axis: From the drop down menu, select the desired x-axis. For HEKA files,

use one of the following: Emon ,Imon, Time For Biologic files, use one of the following:

Time, Ewe, I

* Emon and Ewe correspond to the **Potential** header for HEKA and Biologic files

respectively

** Imon and I correspond to the **Current** header for HEKA and Biologic files

respectively

d. Select Y-Axis: From the drop down menu, select the desired x-axis. For HEKA

files, use one of the following: Emon ,Imon, Time For Biologic files, use one of the

following: Time, Ewe, I

* Emon and Ewe correspond to the **Potential** header for HEKA and Biologic files

respectively
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** Imon and I correspond to the **Current** header for HEKA and Biologic files

respectively

e. Plot File: The data with the selected x and y-axes will be plotted. If more than

one file was selected, data for all files and their chosen x-and y-axes will be plotted. A

legend is available to identify the files displayed.

f. Save Plot: The plot will be saved in the directory of choice. Current supported file

formats for saving graphics are: *.jpg and *.tiff file formats

g. Clear Plot: Data from the most currently plotted file will be cleared from the

window. Clicking on plot file will cause the data to reappear.

Under Development

Future releases will include plot formatting functionality as well as other data treatment

processes.

D.3.4 Data Processing

Sensorlyze performs multiple manipulations on the datasets. These manipulations include

averaging for steady state readings, noise reduction filtering, data regression, and normal-

ization of calibrations. Below is a short explanation of each of these manipulations.

Noise Reduction Filtering

Sensorlyze provides the option to apply a filter to the dataset at hand for noise reduction.

The filter is a one-dimensional first order polynomial Savitzky-Golay filter, applied only

to the y-axis data. The Savitzky-Golay filter is a convolution based digital filter typically
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applied for the purpose of smoothing data without distorting the signal.

Data Averaging

Sensorlyze finds the mean y-value, typically the current, over a range of 30 data points for

each region selected. For example, for a dataset with a sampling frequency of 1 second/data

point, Sensorlyze calculates the mean current over a range of 30 seconds and presents that

mean value as a single data point which can be used for calibration curves.

Data Regression

Linear regression is the sole type of regression currently available for these calibration plots.

The software fits the mean values to the concentration inputs based on a linear relationship

as follows:

iss = m[Concentration] + b (D.1)

Where iss is the steady state current, typically averaged over a range of 30 seconds,

m is the slope of the calibration curve and b is the y-intercept. To assess the fit of the

linear regression line to the data, the coefficient of determination (also known as the R2

value) is calculated. A value as close as possible to one is desired and any value below 0.98

demonstrates a poor fit.
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Normalized Calibration

To remove the contribution of the non-faradaic current to the biosensor readings, the cali-

bration curve can be normalized by the baseline signal (typically signal from the buffer). As

such the normalized currents are calculated as follows to generate a normalized calibration

curve with regression line parameters that remove the baseline signal contribution:

inorm = iss − ibackground (D.2)

Where inorm is the normalized current and ibackground is background current contribution

of the buffer.

D.3.5 Future Features

In Appendix D, the development of a Python based GUI, Sensorlyze, is reported. Sensor-

lyze can be used for electrochemical biosensor data processing and analysis. The GUI can

import data from different data acquisition systems regardless of their format and can out-

put the data into a standardized .xlsx format. Sensorlyze provides further options for data

plotting and statistics. Future work of Sensorlyze includes expanding its functionality to in-

clude differential pulse voltammetry data processing, current density calculations, non-linear

regression as well as chemometric data analysis.
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Springer Nature Customer Service Centre GmbH 
Terms and Conditions

This agreement sets out the terms and conditions of the licence (the Licence) between you
and Springer Nature Customer Service Centre GmbH (the Licensor). By clicking
'accept' and completing the transaction for the material (Licensed Material), you also
confirm your acceptance of these terms and conditions.

1. Grant of License 

1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, world-wide
licence to reproduce the Licensed Material for the purpose specified in your order
only. Licences are granted for the specific use requested in the order and for no other
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use, subject to the conditions below. 

1. 2. The Licensor warrants that it has, to the best of its knowledge, the rights to
license reuse of the Licensed Material. However, you should ensure that the material
you are requesting is original to the Licensor and does not carry the copyright of
another entity (as credited in the published version). 

1. 3. If the credit line on any part of the material you have requested indicates that it
was reprinted or adapted with permission from another source, then you should also
seek permission from that source to reuse the material. 

2. Scope of Licence 

2. 1. You may only use the Licensed Content in the manner and to the extent permitted
by these Ts&Cs and any applicable laws. 

2. 2. A separate licence may be required for any additional use of the Licensed
Material, e.g. where a licence has been purchased for print only use, separate
permission must be obtained for electronic re-use. Similarly, a licence is only valid in
the language selected and does not apply for editions in other languages unless
additional translation rights have been granted separately in the licence. Any content
owned by third parties are expressly excluded from the licence. 

2. 3. Similarly, rights for additional components such as custom editions and
derivatives require additional permission and may be subject to an additional fee.
Please apply to
Journalpermissions@springernature.com/bookpermissions@springernature.com for
these rights. 

2. 4. Where permission has been granted free of charge for material in print,
permission may also be granted for any electronic version of that work, provided that
the material is incidental to your work as a whole and that the electronic version is
essentially equivalent to, or substitutes for, the print version. 

2. 5. An alternative scope of licence may apply to signatories of the STM Permissions
Guidelines, as amended from time to time. 

3. Duration of Licence 

3. 1. A licence for is valid from the date of purchase ('Licence Date') at the end of the
relevant period in the below table: 

Scope of Licence Duration of Licence
Post on a website 12 months
Presentations 12 months
Books and journals Lifetime of the edition in the language purchased

4. Acknowledgement 



8/3/2021 RightsLink Printable License

https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=0fb31c4d-4045-4236-b14a-84f10ad5cf5d 4/6

4. 1. The Licensor's permission must be acknowledged next to the Licenced Material in
print. In electronic form, this acknowledgement must be visible at the same time as the
figures/tables/illustrations or abstract, and must be hyperlinked to the journal/book's
homepage. Our required acknowledgement format is in the Appendix below. 

5. Restrictions on use 

5. 1. Use of the Licensed Material may be permitted for incidental promotional use and
minor editing privileges e.g. minor adaptations of single figures, changes of format,
colour and/or style where the adaptation is credited as set out in Appendix 1 below. Any
other changes including but not limited to, cropping, adapting, omitting material that
affect the meaning, intention or moral rights of the author are strictly prohibited.  

5. 2. You must not use any Licensed Material as part of any design or trademark.  

5. 3. Licensed Material may be used in Open Access Publications (OAP) before
publication by Springer Nature, but any Licensed Material must be removed from OAP
sites prior to final publication. 

6. Ownership of Rights 

6. 1. Licensed Material remains the property of either Licensor or the relevant third party
and any rights not explicitly granted herein are expressly reserved.  

7. Warranty 

IN NO EVENT SHALL LICENSOR BE LIABLE TO YOU OR ANY OTHER PARTY OR
ANY OTHER PERSON OR FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL
OR INDIRECT DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, VIEWING OR USE OF THE
MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER FOR BREACH
OF CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT
OR OTHERWISE (INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON
LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND 
WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF
SUCH DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.  

8. Limitations 

8. 1. BOOKS ONLY:Where 'reuse in a dissertation/thesis' has been selected the
following terms apply: Print rights of the final author's accepted manuscript (for clarity,
NOT the published version) for up to 100 copies, electronic rights for use only on a
personal website or institutional repository as defined by the Sherpa guideline
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(www.sherpa.ac.uk/romeo/).

8. 2. For content reuse requests that qualify for permission under the STM Permissions
Guidelines, which may be updated from time to time, the STM Permissions Guidelines
supersede the terms and conditions contained in this licence. 

9. Termination and Cancellation 

9. 1. Licences will expire after the period shown in Clause 3 (above). 

9. 2. Licensee reserves the right to terminate the Licence in the event that payment is not
received in full or if there has been a breach of this agreement by you.  

Appendix 1 — Acknowledgements: 

For Journal Content: 
Reprinted by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION
(Article name, Author(s) Name), [COPYRIGHT] (year of publication) 

For Advance Online Publication papers: 
Reprinted by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION
(Article name, Author(s) Name), [COPYRIGHT] (year of publication), advance
online publication, day month year (doi: 10.1038/sj.[JOURNAL ACRONYM].)

For Adaptations/Translations: 
Adapted/Translated by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION
(Article name, Author(s) Name), [COPYRIGHT] (year of publication)

Note: For any republication from the British Journal of Cancer, the following
credit line style applies:

Reprinted/adapted/translated by permission from [the Licensor]: on behalf of Cancer
Research UK: : [Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL
NAME] [REFERENCE CITATION (Article name, Author(s) Name),
[COPYRIGHT] (year of publication)

For Advance Online Publication papers: 
Reprinted by permission from The [the Licensor]: on behalf of Cancer Research UK:
[Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL NAME]
[REFERENCE CITATION (Article name, Author(s) Name), [COPYRIGHT] (year
of publication), advance online publication, day month year (doi: 10.1038/sj.
[JOURNAL ACRONYM])

For Book content: 
Reprinted/adapted by permission from [the Licensor]: [Book Publisher (e.g.
Palgrave Macmillan, Springer etc) [Book Title] by [Book author(s)]
[COPYRIGHT] (year of publication) 
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Other Conditions:

Version  1.3

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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REUSE CONTENT DETAILS

RIGHTSHOLDER TERMS AND CONDITIONS
These special terms and conditions are in addition to the standard terms and conditions for CCC’s Republication Service
and, together with those standard terms and conditions, govern the use of the Works. As the User you will make all
reasonable e�orts to contact the author(s) of the article which the Work is to be reused from, to seek consent for your
intended use. Contacting one author who is acting expressly as authorised agent for their co-author(s) is acceptable. User
will reproduce the following wording prominently alongside the Work: the source of the Work, including author, article
title, title of journal, volume number, issue number (if relevant), page range (or �rst page if this is the only information
available) and date of �rst publication; and a link back to the article (via DOI); and if practicable, and IN ALL CASES for new
works published under any of the Creative Commons licences, the words “© The Electrochemical Society. Reproduced by
permission of IOP Publishing Ltd. All rights reserved” Without the express permission of the author(s) and the
Rightsholder of the article from which the Work is to be reused, User shall not use it in any way which, in the opinion of
IOP Publishing Ltd, could: (i) distort or alter the author(s)’ original intention(s) and meaning; (ii) be prejudicial to the
honour or reputation of the author(s); and/or (iii) imply endorsement by the author(s) and/or the Rightsholder and/or IOP
Publishing Ltd. This licence does not apply to any article which is credited to another source and which does not have the
copyright line ‘© The Electrochemical Society’. User must check the copyright line of the article from which the Work is to
be reused to check that the Electrochemical Society and IOP Publishing Ltd has all the necessary rights to be able to grant
permission. User is solely responsible for identifying and obtaining separate licences and permissions from the copyright
owner for reuse of any such third party material/�gures which the Rightsholder is not the copyright owner of. The
Rightsholder shall not reimburse any fees which User pays for a republication license for such third party content. This
licence does not apply to any material/�gure which is credited to another source in the Rightsholder’s publication or has
been obtained from a third party. User must check the Version of Record of the article from which the Work is to be
reused, to check whether any of the material in the Work is third party material. Third party citations and/or copyright
notices and/or permissions statements may not be included in any other version of the article from which the Work is to
be reused and so cannot be relied upon by the User. User is solely responsible for identifying and obtaining separate
licences and permissions from the copyright owner for reuse of any such third party material/�gures where the
Rightsholder is not the copyright owner. The Rightsholder shall not reimburse any fees which User pays for a
republication license for such third party content. User and CCC acknowledge that IOP Publishing Ltd and/or the
Rightsholder may, from time to time, make changes or additions to these special terms and conditions without express
noti�cation, provided that these shall not apply to permissions already secured and paid for by User prior to such change
or addition. User acknowledges that the Rightsholder and IOP Publishing Ltd (which includes companies within its group
and third parties for whom it publishes its titles) may make use of personal data collected through the service in the
course of their business. If User is the author of the Work, User may automatically have the right to reuse it under the
rights granted back when User transferred the copyright in the article to the Rightsholder. User should check the
copyright form and the relevant author rights policy to check whether permission is required. If User is the author of the
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Work and does require permission for proposed reuse of the Work, User should select ‘Author of requested content’ as
the Requestor Type. The Rightsholder shall not reimburse any fees which User pays for a republication license. If User is
the author of the article which User wishes to reuse in User’s thesis or dissertation, the republication licence covers the
right to include the Version of Record of the article, provided it is not then published commercially. User must include
citation details and, for online use, a link to the Version of Record of the article on the IOPscience website. User may need
to obtain separate permission for any third party content included within the article. User must check this with the
copyright owner of such third party content. User may not include the article in a thesis or dissertation which is published
by ProQuest. Any other commercial use of User’s thesis or dissertation containing the article would also need to be
expressly noti�ed in writing to the Rightsholder at the time of request and would require separate written permission
from the Rightsholder. As well as CCC, the Rightsholder and IOP Publishing Ltd shall have the right to bring any legal
action that they deem necessary to enforce their rights should they consider that the Work infringes those rights in any
way. For content reuse requests that qualify for permission under the STM Permissions Guidelines, which may be
updated from time to time, the STM Permissions Guidelines supplement the terms and conditions contained in this
license.

SPECIAL RIGHTSHOLDER TERMS AND CONDITIONS
When you transferred the copyright in your article to The Electrochemical Society you were granted back certain rights,
including the right to include the Final Published Version of the article within any thesis or dissertation. Please note you
may need to obtain separate permission for any third party content you included within your article. Please include
citation details, "© The Electrochemical Society. Reproduced with permission. All rights reserved” and for online use, a link
to the Version of Record. The only restriction is that if, at a later date, you wanted your thesis/dissertation to be published
commercially, further permission would be required.

CCC Terms and Conditions

1. Description of Service; De�ned Terms. This Republication License enables the User to obtain licenses for
republication of one or more copyrighted works as described in detail on the relevant Order Con�rmation (the
"Work(s)"). Copyright Clearance Center, Inc. ("CCC") grants licenses through the Service on behalf of the
rightsholder identi�ed on the Order Con�rmation (the "Rightsholder"). "Republication", as used herein, generally
means the inclusion of a Work, in whole or in part, in a new work or works, also as described on the Order
Con�rmation. "User", as used herein, means the person or entity making such republication.

2. The terms set forth in the relevant Order Con�rmation, and any terms set by the Rightsholder with respect to a
particular Work, govern the terms of use of Works in connection with the Service. By using the Service, the person
transacting for a republication license on behalf of the User represents and warrants that he/she/it (a) has been
duly authorized by the User to accept, and hereby does accept, all such terms and conditions on behalf of User,
and (b) shall inform User of all such terms and conditions. In the event such person is a "freelancer" or other third
party independent of User and CCC, such party shall be deemed jointly a "User" for purposes of these terms and
conditions. In any event, User shall be deemed to have accepted and agreed to all such terms and conditions if
User republishes the Work in any fashion.

3. Scope of License; Limitations and Obligations.

3.1. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the
Rightsholder. The license created by the exchange of an Order Con�rmation (and/or any invoice) and
payment by User of the full amount set forth on that document includes only those rights expressly set
forth in the Order Con�rmation and in these terms and conditions, and conveys no other rights in the
Work(s) to User. All rights not expressly granted are hereby reserved.

3.2.
General Payment Terms: You may pay by credit card or through an account with us payable at the end of
the month. If you and we agree that you may establish a standing account with CCC, then the following
terms apply: Remit Payment to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291.
Payments Due: Invoices are payable upon their delivery to you (or upon our notice to you that they are
available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge
of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise speci�cally
set forth in the Order Con�rmation or in a separate written agreement signed by CCC, invoices are due
and payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of
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the Order Con�rmation, the license is automatically revoked and is null and void, as if it had never been
issued, if complete payment for the license is not received on a timely basis either from User directly or
through a payment agent, such as a credit card company.

3.3. Unless otherwise provided in the Order Con�rmation, any grant of rights to User (i) is "one-time" (including
the editions and product family speci�ed in the license), (ii) is non-exclusive and non-transferable and (iii)
is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of
use or circulation) included in the Order Con�rmation or invoice and/or in these terms and conditions.
Upon completion of the licensed use, User shall either secure a new permission for further use of the
Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by
deleting or by removing or severing links or other locators) any further copies of the Work (except for
copies printed on paper in accordance with this license and still in User's stock at the end of such period).

3.4. In the event that the material for which a republication license is sought includes third party materials
(such as photographs, illustrations, graphs, inserts and similar materials) which are identi�ed in such
material as having been used by permission, User is responsible for identifying, and seeking separate
licenses (under this Service or otherwise) for, any of such third party materials; without a separate license,
such third party materials may not be used.

3.5. Use of proper copyright notice for a Work is required as a condition of any license granted under the
Service. Unless otherwise provided in the Order Con�rmation, a proper copyright notice will read
substantially as follows: "Republished with permission of [Rightsholder's name], from [Work's title, author,
volume, edition number and year of copyright]; permission conveyed through Copyright Clearance Center,
Inc. " Such notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the new work
containing the republished Work are located. Failure to include the required notice results in loss to the
Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal
to twice the use fee speci�ed in the Order Con�rmation, in addition to the use fee itself and any other fees
and charges speci�ed.

3.6. User may only make alterations to the Work if and as expressly set forth in the Order Con�rmation. No
Work may be used in any way that is defamatory, violates the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise
illegal, sexually explicit or obscene. In addition, User may not conjoin a Work with any other material that
may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware
of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the
Rightsholder in connection therewith.

4. Indemnity. User hereby indemni�es and agrees to defend the Rightsholder and CCC, and their respective
employees and directors, against all claims, liability, damages, costs and expenses, including legal fees and
expenses, arising out of any use of a Work beyond the scope of the rights granted herein, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights
of copyright, publicity, privacy or other tangible or intangible property.

5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY
TO USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event,
the total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed
the total amount actually paid by User for this license. User assumes full liability for the actions and omissions of
its principals, employees, agents, a�liates, successors and assigns.

6.
Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL
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OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING
WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE.
ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS
OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER;
USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL
RIGHTS TO GRANT.

7. E�ect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope
of the license set forth in the Order Con�rmation and/or these terms and conditions, shall be a material breach of
the license created by the Order Con�rmation and these terms and conditions. Any breach not cured within 30
days of written notice thereof shall result in immediate termination of such license without further notice. Any
unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated
by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is
not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of
less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

8. Miscellaneous.

8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these
terms and conditions, and CCC reserves the right to send notice to the User by electronic mail or
otherwise for the purposes of notifying User of such changes or additions; provided that any such changes
or additions shall not apply to permissions already secured and paid for.

8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy,
available online here:https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy

8.3. The licensing transaction described in the Order Con�rmation is personal to User. Therefore, User may
not assign or transfer to any other person (whether a natural person or an organization of any kind) the
license created by the Order Con�rmation and these terms and conditions or any rights granted
hereunder; provided, however, that User may assign such license in its entirety on written notice to CCC in
the event of a transfer of all or substantially all of User's rights in the new material which includes the
Work(s) licensed under this Service.

8.4. No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its
principals, employees, agents or a�liates and purporting to govern or otherwise relate to the licensing
transaction described in the Order Con�rmation, which terms are in any way inconsistent with any terms
set forth in the Order Con�rmation and/or in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Con�rmation, and whether such writing appears on a copy of the Order Con�rmation or in a separate
instrument.

8.5. The licensing transaction described in the Order Con�rmation document shall be governed by and
construed under the law of the State of New York, USA, without regard to the principles thereof of con�icts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to
such licensing transaction shall be brought, at CCC's sole discretion, in any federal or state court located in
the County of New York, State of New York, USA, or in any federal or state court whose geographical
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