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ABSTRACT

THERMOPLASTIC ELECTRODE SURFACE MODIFICATIONS FOR USE AS LABEL-

FREE ELECTROCHEMICAL IMMUNOSENSORS

Point-of-care (POC) testing has grown in popularity in recent years, though most
common lateral flow assay (LFA) techniques lack sensitivity and are not quantitative.
Electrochemical sensors are a promising alternative, specifically thermoplastic electrodes
(TPEs) due to their electrochemical performance and durability while remaining
inexpensive. TPEs have been used for a wide variety of applications, but their use as
immunosensors has been limited due to difficulty with antibody immobilization. This
work seeks to explore techniques for modifying TPE surfaces for use as label-free
Immunosensors.

Chapter 2 examines common antibody immobilization techniques applied to TPEs
and determines that the standard existing protocols are lacking. Passive adsorption,
EDC/NHS coupling, and chitosan films are used to attach antibodies to the surface. It was
found that while each are commonly used in immunosensor fabrication, they have
drawbacks that make them unsuitable for TPE immunosensors. Passive adsorption
results in unstable antibody attachments leading to inconsistent sensing. EDC/NHS
crosslinking is prone to side reactions and again led to inconsistencies in detection of the
antigen. Chitosan films were perhaps the most promising, but they passivated the

electrode to the extent that detecting the antigen was limited.
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Chapter 3 moves towards the development and characterization of a new TPE
surface modification using aryl diazonium grafting followed by click chemistry to
biotinylate electrodes for easy antibody immobilization. A variety of electrochemical
techniques and surface characterizations were used to examine the stepwise modification
of the TPE surface. It was shown that click chemistry can be successfully used on TPEs to
attach various moieties following aryl diazonium grafting. Ethynyl ferrocene was clicked
to the surface resulting in a surface coverage (I'z.) of (1.0 £ 0.2) x 101° mol-cm-2, which is
comparable to literature values for similar approaches on commercial carbon electrodes.
Streptavidinated antibody was successfully attached as well with a clear change in
electrochemical signal upon binding.

The method is expanded in Chapter 4 with the use of heterogeneous modifications
with multiple functions. The monolayer contains surface bound ferrocene to aid in
electron transport, long polyethylene glycol (PEG) spacers to block nonspecific
adsorption, in addition to the antibody immobilization point. The modified TPEs were
used to successfully detect the nucleocapsid protein of inactivated SARS-CoV-2 virus in
buffer solution as a proof-of-concept without the need for a label. The LOD was
approximately 6 PFU/mL which exceeds many existing POC tests for COVID-19. The
work here expands on the potential applications of TPEs with increased performance and
durability over other carbon electrode immunosensors. Potential future directions to
expand the sensing capabilities include multiplexed sensors, alternative electrode

materials, and expanding to non-antibody based systems.
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CHAPTER 1 - Introduction

1.1 Electrochemical Biosensors

Electrochemical biosensors are a class of biosensors where the interaction between
the analyte and the biorecognition element results in a measurable electrochemical
change at the electrode.! Biosensors target a wide range of biologically relevant analytes,
from ions and small molecules to bacteria and viruses. A classic example of an
electrochemical biosensor is the handheld glucometer, which measures blood glucose
levels at the point-of-care (POC) or point-of-need.2 The global pandemic brought a more
conscious push towards expanding POC electrochemical biosensors to detect infectious
diseases.3

One of the most common approaches is the affinity-based method which exploits
the binding between the analyte and a biorecognition element such as an antibody,
aptamer, or a variety of other receptors.4 Figure 1.1 illustrates the basic components of
an affinity-based electrochemical biosensor, specifically an immunosensor. The
biorecognition element, or antibody in this case, is immobilized on the electrode and
coated with a blocker to prevent nonspecific adsorption of sample matrix components.5: ¢
The binding event between the analyte antigen and the antibody causes a change
measurable via voltammetry, potentiometry, electrochemical impedance spectroscopy or
other techniques.” Considering the wide availability of options for electrochemical
biosensor components, researchers must weigh the options to develop sensitive, selective,

robust, and cost-effective sensors.
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Figure 1.1. Illustration of an affinity based electrochemical biosensor.

Electrochemical immunosensors can be used in labeled or label-free formats.
Labeled systems mirror the popular sandwich enzyme-linked immunosorbent assay
(ELISA), where a secondary binding event occurs in which an antibody with a tag is bound
to the antigen that is caught by the primary antibody.8 A popular choice of enzymatic tag
is horseradish peroxidase (HRP) because it can be used to oxidize a variety of different
substrates including 3,3’,5,5-tetramethylbenzidine (TMB) which is turned over into a
colored, electrochemically active compound.® Figure 1.2 illustrates the concept of
sandwich ELISA using HRP and TMB as the enzyme-substrate pair. The goal of using a
label is to provide an indirect measure of the analyte concentration, which often includes
increasing the number of detectable molecules to achieve lower limits of detection. For
example, in the event of a single antigen binding to an antibody, there is a very small
electrochemical change and no colorimetric change. The enzyme-substrate reaction
implemented with the HRP-conjugated secondary antibody and addition of TMB can be

used to generate thousands of oxidized-TMB molecules to be detected either



electrochemically or colorimetrically. However, label-free electrochemical sensors are

desirable because they rely on fewer steps and are more cost-effective.1©
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Figure 1.2. Illustration of a sandwich enzyme-linked immunosorbent assay (ELISA)
using horseradish peroxidase (HRP) and 3,3’,5,5-tetramethylbenzidine (TMB).

An important choice in electrochemical sensor design is the type of electrode to use
as the biosensor transducer. Gold, platinum, and carbon are the most commonly used
electrode materials due to their inertness and conductivity.”.1* Carbon electrodes are often
less expensive than precious metal electrodes, making them an excellent choice. There are
many types of carbon electrodes but popular choices for macroelectrodes are commercial
glassy carbon (GC) electrodes or screen-printed carbon electrodes (SPCEs).»2 SPCEs
(either screen- or stencil-printed) are easily mass produced and are considered
inexpensive and disposable electrodes. On the other hand, GC electrodes are often
expensive but are reusable with polishing and cleaning steps between uses.

In 2017, Klunder et al. introduced thermoplastic electrodes (TPEs) as a new class
of carbon composite electrodes.’3 TPEs take advantage of the low melting points of
thermoplastics such as polycaprolactone (PCL) or polystyrene (PS) mixed with graphite
powder to result in highly customizable electrodes with electrochemical performance
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rivaling commercially available carbon electrodes.:3 The fabrication is briefly illustrated
by Figure 1.3 for TPEs made with PS. First, powdered graphite is added to thermoplastic
dissolved in an organic solvent such as dichloromethane. The resulting mixture is then
stirred and thoroughly combined on a silicon wafer before allowing the organic solvent to
evaporate off. The graphite-thermoplastic material is then formed into an electrode
configuration using a hydraulic heat press. The photo in Figure 1.3 shows a 3-electrode
system (working electrode, reference electrode, and counter electrode) cut into a
polymethylmethacrylate (PMMA) template. The excess electrode material is sanded
away, and connections are added via silver conductive paint. Steps may vary slightly based
on the specific types of graphite, thermoplastic, and template used. High performance
and customizability combined with the inexpensive materials makes TPEs an excellent
choice of carbon electrode over more expensive options (i.e., commercial glassy carbon

electrodes) and less durable options (i.e., stencil-printed electrodes).

Graphite powder
Mix

Dichloromethane + Polystyrene

® Sand excess [

4 Add wires

= Hydraulic heat press

Figure 1.3. Typical thermoplastic electrode fabrication process.

Since their initial development, TPEs have been employed in a wide range of
applications.’4-18 Early efforts achieved success in integrating TPEs with microfluidic
platforms to detect tryptamine.'7:19 Recently, TPEs were characterized for their utility for
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detecting heavy metals, such as lead, in water.2¢ This work thoroughly examined surface
chemistry of TPEs based on thermoplastic and graphite type. It was determined that these
materials have a significant impact on the performance of the TPE and the function of the
TPE could be tuned based on the material used for fabrication. Characterization of a
variety of TPE compositions using scanning electrochemical microscopy (SECM) in a
variety of redox probes also demonstrated the dependence on graphite or polymer type
for performance.2! For example, it was established in another work that PS TPEs perform
best for the simultaneous detection of ascorbic acid, uric acid, and dopamine at bare
electrodes.’8 The TPE electrode material can be modified by mixing in other materials,
such as enzymes, as demonstrated by Clark et al. with glucose oxidase mixed in to TPE
formulations to detect glucose.4

Surface modifications, the addition of extra reagents to manipulate the surface
chemistry, of TPEs has also been explored previously to expand the potential applications.
This approach involved adding an ion-selective membrane for the successful detection of
potassium and sodium.!s 22 TPEs with surface modifications are also good choices for
immunosensor applications due to their durability and biocompatibility. Immunosensors
are a class of biosensors that rely on the interaction between the analyte (an antigen) and
a corresponding antibody to produce a signal.23 The antigen targeted is often part of a
complex sample matrix and the affinity of the antibody is relied upon for sensor
selectivity.

One case of TPEs being used as an immunosensor currently exists where TPEs
modified with antibodies were able to successfully detect Escherichia coli with a limit of
detection of 27 CFU/mL in buffer solution.¢ This method relied on first modifying the

TPE surfaces with an amine group before antibody immobilization by 1-ethyl-3-(3-
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dimethylaminopropyl)-carbodiimide (EDC) and N-hydroxysuccinimide (NHS)
crosslinking.:6 The EDC/NHS crosslinking method is commonly used in immunoassays
and immunosensors, however, it is prone to side reactions which may limit the number
of active antibodies immobilized on the electrode surface.24 There is more work to be done
to develop facile protocols for immunosensor fabrication using TPEs to be applied to a

wide range of bacterial and viral targets.

1.2 Diazonium Grafting and Click Chemistry for Electrode Modification

The aforementioned E. coli sensor on TPEs used a diazonium produced from 4-
nitroaniline with sodium nitrite in p-toluenesulfonic acid followed by electrochemical
reduction to yield an amine modified surface.¢ A similar approach was also demonstrated
on stencil-printed electrodes to detect C-reactive protein with dynamic range of 0.01 — 10
ng/mL.25 These approaches are promising however, they have two potential drawbacks.
The first is that the diazonium grafting in this manner produces a disordered,
multilayered film on the electrode surface due to the highly reactive radical
intermediates.25 26 The second is that they rely on EDC/NHS as a secondary reaction for
the immobilization of antibodies. EDC is readily hydrolyzed in aqueous solution and is
prone to side reactions.24 Thus, the need exists for more easily controlled TPE surface
functionalization and subsequent antibody immobilization.

One approach for simple modification of carbon electrodes is via reduction of
diazonium salts.?” Figure 1.4 shows the general reaction mechanism for diazonium
reduction onto carbon electrodes. A reducing potential is applied to the electrode, which
initiates the formation of a radical with the loss of the diazonium as N- gas. The reaction

can be easily controlled to generate patterned surfaces.28 However, the production of
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highly reactive radical intermediates can lead to disorganized multilayers forming. A
solution to this was presented by Leroux et al., with the determination that modifications
by diazonium electrografting can be limited to monolayers by using a silyl protecting
group.29 Further, binary layers can be produced, and the density of the modification

monolayer can be controlled by changing the size of the protecting group.26: 30

¢

|||
N

" é

Figure 1.4. General mechanism for aryl diazonium grafting.

Berg et al. first demonstrated the successful diazonium electrografting on TPEs in
2019. Solvent-resistant TPEs were made with cyclic olefin copolymer (COC) as the
thermoplastic in a glass template and modified with a variety of para substituted
diazonium compounds in acetonitrile.3! A benefit of aryldiazonium grafting is the variety
of substituted compounds available providing many options for functionalization of TPEs.
One approach is to functionalize the TPE surface with a terminal alkyne via diazonium
grafting, which can then be exploited for subsequent reactions using click chemistry.29: 31

Click chemistry, first described in 2001, is a class of convenient and robust
reactions in which the two reactants “click” together in facile manner regardless of the
rest of the molecular structure.32 33 Copper-catalyzed azide-alkyne cycloaddition
(CuAAQC) is one type of click chemistry where azido- compounds are reacted with terminal
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alkynes to form [1,2,3]-triazoles.34 35 Figure 1.5 shows the simplified, generic CHAAC
mechanism. The convenient regioselective reaction is successful under mild conditions
with such broad applications that the founders were awarded the Nobel Prize in
Chemistry 2022.36 Numerous works have been published utilizing the convenience of

click chemistry to develop electrochemical sensors.37: 38

R R

/ /
+ \\N+ Cu2+ : T \N
\\N_ Weak Base \N//

Figure 1.5. Generic copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction
between a terminal alkyne and an azide to form a substituted triazole.

The aryl diazonium grafting on TPEs used subsequent click chemistry to
immobilize azidomethylferrocene on the surface with surface concentrations within the
same magnitude of the maximum possible ferrocene surface concentration.!2 3t The 2-
step approach of diazonium grafting followed by click chemistry has also been applied to
electrochemical biosensors. Of course, the versatility of the method has led to a wide
variety of approaches for biorecognition elements. Aptamers,39 enzymes,4° and
antibodies4 42 have each been successfully implemented using CuAAC reactions with
alkyne- or azido- decorated carbon electrodes. Sequential reactions with alkyne- and
azide-modified DNA probes were used to easily modify gold electrodes that were
electrografted with a diazonium salt to develop a multiplexed sensor.43 One work also
examined the use of CuUAAC to covalently bind biotin to the surface to take advantage of

streptavidin-biotin conjugation more efficiently.44 This approach allows for even more



choice in biosensor target, because it can be used with any streptavidin or avidin
conjugated constituent.

Several works have used diazonium grafting followed by click chemistry to
fabricate label-free sensors. Meini et al. modified gold electrodes with terminal alkynes
prior to clicking azido-PEG3-biotin and streptavidin to the surface for the label-free
detection of biotinylated human serum albumin.42 The dynamic range of the sensor was
determined to be 10 pg/mL to 100 ng/mL using impedimetric detection.42 Another
approach to label-free sensors used aptamers clicked onto gold nanoparticles that were
deposited onto SPCEs also achieved pg/mL levels of detection for their target analyte.43
Hepatitis C electrochemical sensors were also developed using DNA probes clicked onto
modified gold electrodes in the nanomolar range.44 A common theme with these label-
free systems is the limited working range, spanning only one or two orders of magnitude.
While the very low limits of detection (LODs) are exciting, some analytes require
maintaining a wide working range to encompass the variety of patient samples that may

be encountered.

1.3 Signal Amplification and Multifunctional Monolayers

Signal amplification techniques are a common approach to not only further
reducing the LOD but also increasing the sensitivity and the dynamic range of label-free
electrochemical sensors. A key point is introducing components into the system that
maintain the ease of the label-free system instead of simply adding a label. For example,
the electron transfer of carbon electrodes can be enhanced to increase the measured

current. The most common approach is to introduce gold nanoparticles (AuNPs) to the



electrode surface prior to modifications.45 AuNPs may be susceptible to desorption from
the carbon surface, can be expensive, and can complicate the sensor fabrication process
depending on the nanoparticle synthesis.

Nanostructuring the carbon electrode surface is a quickly rising alternative to
boost electron transfer.4¢6 TPEs have already seem to reap benefits of their rough and
complex surface morphology compared to other carbon electrode types, making them an
excellent electrode candidate for label-free sensing.8 * An additional mechanism of
improving performance of label-free sensing is through electrocatalysis in which groups
bound to the electrode surface then enhance the measured current.47

Signal enhancing components can also be introduced to the sensor by designing
heterogeneous monolayers on the electrode. Liu and Gooding developed a sensor to
characterize protein electrochemistry by interspacing molecular wires between
polyethylene glycol (PEG) spacers.45 The molecular wires enhance electron transfer while
the PEG spacers acted as a blocker to prevent nonspecific adsorption.45 PEG has been
shown to be an excellent blocker for immunosensors immunosensor.4¢ In another work,
sequential reactions were used to coimmobilize enzymes and electrocatalysts,
demonstrating successful heterogeneous modifications using click chemistry following
diazonium grafting.47 Thus, integrating varying PEG spacer lengths for click chemistry in
sequential reactions or mixed reagents is an attractive approach to yield multifunctional

modifications.

1.4 My Contributions
The work presented in this dissertation achieves three main objectives towards the

overall goal of developing TPE-based immunosensors. Chapter 2 discusses the first
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objective of exploring existing antibody immobilization techniques applied on TPEs. This
chapter presents the initial dive into electrochemical immunosensors based on trends in
literature and establishes the need for a novel approach to antibody immobilization on

TPEs. The data in Chapter 2 was presented, in part, at ACS Fall 2022.48

Chapter 3 highlights the second objective which is the development of a
standardized protocol for the stable and consistent modification of the TPE surface with
antibodies. This is achieved using diazonium chemistry followed by click chemistry. Each
step of the protocol was examined by surface characterization techniques (such as X-ray
photoelectron spectroscopy and scanning electrochemical microscopy) in addition to
traditional electrochemical techniques like cyclic voltammetry and electrochemical
impedance spectroscopy. The data in Chapter 3 was recently published in ACS Applied

Materials and Interfaces.49

The third objective is to further investigate the utility of click chemistry to modify
TPEs for use as biosensors. In Chapter 4, signal enhancing behavior is implemented into
TPEs by mixing PEG lengths and functionalization clicked to the surface. The result is a
system where the electrodes are decorated with N3-PEG3-Fc mixed with N3-PEG11-biotin
or N3-PEG24-biotin. It was determined that N3-PEG11-biotin mixed layers are more
resistant to nonspecific adsorption, but N3-PEG24-biotin mixed layers are successfully
able to be used for detection of SARS-CoV-2 N protein. Chapter 4 is in progress to be

submitted for publication.

Appendix C shares the data collected for a collaborative project with the Tobet Lab.
The work, published in Analytical Chemistry, explores the use of 1tH-NMR to characterize

the short-chain fatty acids (SCFAs) produced by the gut microbiome present in mouse gut
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tissue explants maintained in microfluidic devices.5° The goal was to determine the
impact of including a physiologically relevant oxygen gradient across the tissue on
microbiome metabolism and thus, SCFA production. SCFAs were semi-quantitatively
monitored across time points for different oxygen environments showing the prominent
impacts of the oxygen gradient on lactate, butyrate, acetate, and propionate production.
The tH-NMR experiments and data analysis were completed during the first two years of

my PhD and provided a strong base for my development as a researcher.

Overall, this dissertation seeks to demonstrate the development of a TPE
immunosensor platform from fundamental surface chemistry towards immunosensing
applications. A proof-of-concept demonstration of detecting SARS-CoV-2 nucleocapsid
protein is given with many areas for improvement and expansion of applications. The
work here has wide implications with the potential to be applied to a variety of electrode

types, biorecognition elements, and analytes.
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CHAPTER 2 — Survey of Antibody Immobilization Approaches on
Thermoplastic Electrodes

2.1 Overview

The goal of this chapter is to present the preliminary antibody immobilization
attempts on thermoplastic electrodes (TPEs) which is motivation for the remainder of the
dissertation. The data has not been published and was collected with the collaboration of
Cynthia McCord, Kate McMahon, and external collaborators at Oakridge National
Laboratory. K. McMahon and I conducted the experiments included here which was
presented, in part, as an oral presentation and a poster at ACS Fall 2022.* The chapter is
not given in chronological order for clarity and some studies may be incomplete due to
funding at the time of the work.

Various common antibody immobilization techniques were attempted on TPEs
with the goal of developing a label free sensor for a model bacterial target (Escherichia
coli) including EDC/NHS coupling, passive adsorption, and chitosan films. Difficulties
such as side reactions and highly variable TPE surfaces caused each immobilization
technique to have limited reproducibility and electrochemical performance. The findings
were that TPEs in their basic form can be widely variable and are generally unsuccessful

sensors when using common antibody immobilization techniques.

2.2 Introduction
Thermoplastic electrodes (TPEs) have been shown to be highly advantageous for a
variety of applications, however, there is yet to have broad implementation of TPEs as

immunosensors.25 One limiting factor is the lack of a defined protocol for successfully
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immobilizing antibodies to the surface of TPEs. Antibodies are widely used biorecognition
elements in electrochemical sensors. The antibody must have the appropriate density
while maintaining a good proportion of the active paratopes available for binding antigen
epitopes. There are a broad variety of approaches that have been successfully applied to
immunoassays, including electrochemical sensors.

One approach is to rely on electrostatic forces and passively adsorb antibodies to
the electrode surface (Figure 2.1A). Sharafeldin et al. demonstrated that while having
somewhat lower antibody coverage compared to other immobilization methods, sensors
made with antibodies passively adsorbed had a comparable number of active antibodies
per electrode (correctly orientated) compared to other techniques.® Passive adsorption is
easy to do, however, the attractions between the antibodies and the electrode surface are
weak and may cause antibody denaturing.7-9

An alternative is to use a covalent crosslinking approach to ensure stability of the
antibody attachment to the electrode surface. Commonly wused is N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide = hydrochloride @~ (EDC)  with  N-
hydroxysulfosuccinimide (NHS) crosslinking (Figure 2.1B) which yields a zero-length
connection between a carboxylic group and an amine.’o EDC/NHS crosslinking has been
used in a wide variety of electrochemical sensors, including carbon-based electrodes, to
immobilize antibodies.!14 Cross reactions including hydrolysis in aqueous solutions are
a problem also commonly associated with EDC/NHS crosslinking, meaning it may not
always be the ideal choice for antibody immobilization.°

Another crosslinking method uses chitosan activated with glutaraldehyde (Figure
2.1C) to form bonds between the amines of chitosan (and itself) and antibodies via

reactions with the carbonyls of glutaraldehyde.'s Chitosan films have been evaluated as
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platforms for antibody immobilization and have been successfully used to immobilize
enzymes such as horseradish peroxidase on the surface of a carbon electrode for
biosensing applications.6: 17 One work used chitosan film to immobilize antibodies and
found that it aided in stability of the sensor with less than 10% of signal loss after storage
for five days.® One drawback of chitosan is that it can strongly passivate the electrode,

resulting in very low electrochemical performance, as is shown herein.

= N2 2 N\ \ Qs N = Thermoplastic Electrode

A \]r’ Anti-E. coli 1gG

=™ Chitosan Film

B

Figure 2.1. Antibody immobilization techniques: A) passive adsorption, B) EDC/NHS
coupling, and C) chitosan film crosslinking.

Surface chemistry and structure is of considerable importance when determining
the best approach for antibody immobilization. Recently, TPE surface chemistry was
characterized using scanning electrochemical microscopy (SEM), cyclic voltammetry
(CV), and X-ray photoelectron spectroscopy (XPS) for environmental sensing
applications. It was determined that the binder and graphite type play a significant role
in the function of the TPE with regards to anodic stripping voltametric determination of
lead.®8 It is expected that the surface roughness (Rq) and composition similarly impact
antibody immobilization. For example, one binder used for TPE fabrication,
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polycaprolactone (PCL), contains carbonyl groups which are required for EDC/NHS
coupling and can enhance intermolecular interactions for adsorption based techniques.
On the other hand, polystyrene (PS) electrodes have better electrochemical performance
which is believed to be a result of ;- stacking.’8 Here, three approaches to antibody

immobilization are explored for establishing TPE immunosensors using PCL-based TPEs.

2.3 Materials and Methods
Electrode Fabrication

TPEs were fabricated according to previous methods.2 19 TC303 graphite from
Asbury Graphite Mills, Inc. (Asbury, NJ) was mixed with either polystyrene (PS, average
MW 45,000 from Sigma Aldrich, St. Louis, MO) or polycaprolactone (PCL,
ThermoMorph®, Toledo, OH) dissolved in dichloromethane (DCM, Avantor
performance Materials, Radnor, PA). Mass ratio of 2:1 graphite to thermoplastic were
used. The resulting mixtures were dried completely before being pressed into a
polymethylmethacrylate (PMMA, Fort Collins Plastics, Fort Collins, CO) template using
a hydraulic heat press. Excess electrode material was sanded away before attaching wires
with conductive silver paint (SPI Supplies, West Chester, PA) and topped with 2-part
epoxy (Loctite®, Henkel Corp., Rocky Hill, CT) to seal and protect the connections. Each
electrode was polished before use with wet 150 then 600 grit silicon carbide sandpaper
(60 seconds each) and sonicated in MilliQ water for 5 minutes. A Palmsens4 (Palmsens
BV, Houten, Netherlands) potentiostat was used for all measurements with a TPE
pseudo-reference and TPE counter electrode. TPEs used were similar in design to Figure

2.2 where one array contains four sets of 3-electrode systems (1 mm WE, 1 mm RE, and
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1.5 mm CE). Chitosan and gold nanoparticle experiments used TPE arrays with larger

electrode diameters (3 mm WE, 3 mm RE, and 4.5 mm CE).

JN

Figure 2.2. Photo of a PS TPE array of four 3-electrode systems in a PMMA template.

Stencil printed carbon electrodes (SPCEs) were used for higher throughput
experiments due to their similar composition to TPEs. SPCEs were made as previously
reported using commercial carbon ink (E3178, Ercon, Inc., Wareham, MA) and TC303
graphite.20. 21 Silver/silver chloride paste (Sigma Aldrich, St. Louis, MO) was added to the

reference electrode.

Passive Adsorption

A 10 pL aliquot of 20 pg/mL anti-E. coli IgG antibody (Abcam, Inc., Cambridge,
UK) solution in 10 mM phosphate buffered saline (PBS, pH = 7.4, ThermoFisher
Scientific, Waltham, MA) was added to the working electrode only of the TPE and left at
room temperature for 2 hours. After incubation, the electrodes were rinsed with
approximately 15 mL of 10 mM PBS via transfer pipette. Square wave voltammetry (SWV)

was used with a potential sweep from -0.3 to 0.3 V with 2 sec equilibration time, 0.002 V
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step, 0.05 V amplitude, and 10.0 Hz frequency. For the E. coli experiment, only PCL TPEs
were used, and they were plasma treated for 2 min at 125 W prior to use for activation.
DHs5a E. coli samples were prepared by isolating bacteria from growth media by
centrifuging and resuspending in 10 mM PBS at a 1:2 dilution yielding approximately
1x104 CFU/mL. The antibody modified electrodes were exposed to 10 pL of 10 mM PBS
or E. coli solution for 40 minutes before rinsing with 10 mM PBS prior to measurement

using SWV with 5 mM Fe(CN)s3/4in 10 mM PBS.

EDC/NHS Coupling

A reaction solution of 2.5 mM each of N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC, Sigma Aldrich, St. Louis, MO) and N-
hydroxysulfosuccinimide (NHS, Sigma Aldrich, St. Louis, MO) was made in MilliQ H-O.
Each working electrode received 20 pL of EDC/NHS for 45 min at room temperature. The
reaction mixture was pipetted off and then 20 uL of 10 ug/mL anti-E. coli IgG antibody
was added for 1 hr at room temperature. Antibody concentration was optimized by
varying the concentration from 1 pg/mkL to 50 pg/mL. The electrodes were washed with
PBS followed by PBS with 0.1% TWEEN®) 20 (Sigma Aldrich, St. Louis, MO) applied via
spray bottle. For blocker optimization, 50 pL of blocker was added to the working
electrode for 1 hr. Blockers were 0.3% aged casein (Sigma Aldrich, St. Louis, MO) in 50
mM borate buffer, pH 8.5 (Sigma Aldrich, St. Louis, MO),%22 0.5% bovine serum albumin
(BSA, Equitech-Bio, Inc., Kerrville, TX) in PBS, and SuperBlock™ PBS Blocking Buffer
(ThermoFisher Scientific, Waltham, MA). The blocker was pipetted off and electrodes
were gently washed with PBS via transfer pipette prior to incubation in 1x104 CFU/mL

DHs5a E. coli prepared as before. SWV was performed in 5 mM Fe(CN)¢3/4in 10 mM PBS.
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Square wave voltammetry (SWV) was used with a potential sweep from -0.2 to 0.5 V with

2 sec equilibration time, 0.002 V step, 0.05 V amplitude, and 10.0 Hz frequency.

Chitosan Films

Stock solutions of 1% w/v chitosan (low molecular weight, Sigma Aldrich, St. Louis,
MO) in 2% by volume of acetic acid (ThermoFisher Scientific, Waltham, MA) were mixed
overnight at room temperature prior to use. A 15 uL aliquot of chitosan solution was
added to the working electrode only and allowed to dry overnight at room temperature.
Chitosan-coated TPEs were activated by adding 15 uL of glutaraldehyde (ThermoFisher
Scientific, Waltham, MA) for 30 min. Concentrations of both chitosan and glutaraldehyde
were varied to determine the optimal conditions. The WE was rinsed with approximately
5 mL of DI water via transfer pipette prior to addition of 15 uL of antibody solution (anti-
E. coli IgG, Abcam, Inc., Cambridge, UK).

Cyclic voltammetry (CV) was done in 10 mM Fe(CN)e3/4 in 0.1 M KCI (Sigma
Aldrich, St. Louis, MO) with sweeps in the positive direction from -0.4 V to 0.4 V with 2
sec equilibration time, 0.01 V step, and 0.05 V/s scan rate. Chronoamperometry was
performed in TMB solution at 0.0 V for 120.0 sec with 0.01 sec intervals. Scanning
electron microscopy (SEM) was performed using a JEOL JSM-6500F Field Emission
Scanning Electron Microscopy in secondary electron imaging mode with 15 kV
accelerating voltage. Samples were prepared by gold coating with a 10 nm layer using a

Denton Vacuum Desk II gold sputter coater.
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2.4 Results and Discussion

Passively Adsorbed Antibodies

The simplest approach to adding antibodies to carbon electrodes is to passively

adsorb the antibodies, relying on intermolecular forces and hydrodynamic forces to keep

the antibodies on the electrodes. Two different TPE types were tested PS-TC303 and PCL-

TC303 knowing that they have different surface chemistries.’8 Shown in Figure 2.3 are

the bare versus antibody adsorbed electrodes for both PS and PCL type polymers. The

change in signal was calculated by Equation 2.1. The signal significantly decreases with

the adsorption of antibodies blocking the electron transfer from Fe(CN)es3-/4- as expected.

(iAb modif iEd_iBare) + 100 = % Change in Peak Current

iBare

(Equation 2.1)
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Figure 2.3. (A) Square wave voltammograms in 1 mM Fe(CN)e3/4- (in 10 mM PBS) of
bare and antibody adsorbed TPEs made from polystyrene (PS) or polycaprolactone
(PCL), n=3. Potential is versus a TPE pseudo-reference. The percent change in peak
current (B) shows that antibodies are much more consistently adsorbed to PS based

TPEs than PCL.
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PS electrodes had a much larger difference between the bare and antibody
modified electrode. This is potentially due to the higher electrochemical signal with PS
initially (when comparing bare signals). The antibody modified signal between both
electrode types was nearly identical with the exception of one PCL electrode that may be
an outlier, but more replicates would be needed for confirmation. Since PCL electrodes
are easier to fabricate with the lower melting point and the antibody modified signals were
comparable, we decided to move forward with PCL TPEs. Further, the PCL electrodes
were plasma treated to increase electrochemical performance to be comparable to that of
PS prior to antibody adsorption. Previous work demonstrated the utility of plasma
treating stencil-printed carbon electrodes, in which plasma treatment etched away binder
to reveal more carbon active sites.2° A similar phenomenon is hypothesized to occur in
TPEs.

Initial tests using TPEs modified with passively adsorbed antibodies were
conducted using 1 x 104 CFU/mL E. coli in 10 mM PBS (pH = 7.4) on plasma-treated PCL
electrodes. Figure 2.4 shows the average peak currents from square wave
voltammograms taken in 5 mM Fe(CN)e3+/4- (in 10 mM PBS) for modified TPEs exposed
to blank (PBS buffer only, n=3) and 1 x 104 CFU/mL E. coli in 10 mM PBS (n=4). Notably,
the average peak current for the E. coli exposed group is higher than the PBS blank which
is the opposite of the typical trend for label free immunosensors where binding of the
target antigen should block the redox probe from undergoing oxidation/reduction at the
electrode surface. There are two possible reasons for this phenomenon. The first is that
the redox probe can be accumulated beneath the E. coli layer on the electrode surface and
be prevented from diffusing away from the surface quickly resulting in a higher

concentration of Fe(CN)es3-/4-at the surface. Accumulation and rejection mode hypotheses
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are illustrated in Figure 2.5. Rejection mode is the expected and most common form of

label free immunosensor mechanisms where the binding of the relatively large target

analyte prevents electron transfer of Fe(CN)s3/4- at the electrode surface.
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Figure 2.4. Peak currents from SWV (using 5 mM Fe(CN)s3/4in 10 mM PBS) of
plasma treated PCL TPEs that were modified with passively adsorbed antibodies before
being incubated with either PBS blank (pink, n=3) or 1x104 CFU/mL E. coli (blue, n=4).

Rejection Mode
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Figure 2.5. Illustration of the hypothesized mechanisms for label-free sensing using an
electrochemical immunosensor.
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The second hypothesis is that the binding of the relatively large E. coli causes the
antibodies to desorb from the surface and then be washed away during a rinse step prior
to measurement. However, the results shown in Figure 2.4 are not statistically
significant and were not effectively reproducible so we concluded that a more robust

method of antibody immobilization should be tested.

EDC/NHS Coupling

Crosslinking using N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC) with N-hydroxysulfosuccinimide (NHS) is a commonly used
technique is attractive due to the zero-length covalent bonds formed between the
antibodies and the electrode surface.23 Initial testing with this approach was done on
stencil-printed carbon electrodes (SPCEs) due to their ease of assembly so that we can
test many variables in optimizing the reactions while spending less time fabricating new
electrode batches. It is hypothesized that using the same graphite type limits differences
between SPCEs and TPEs and the crosslinking reaction could be translated easily.

We saw a consistent decrease in signal when performing SWV before and after
antibody immobilization with EDC/NHS on SPCEs and TPEs. Figure 2.6 shows the
average peak currents from SWV taken in 10 mM Fe(CN)e3-/4in 10 mM PBS on SPCEs.
Notably, the reaction of EDC/NHS on the electrode surface (with no antibodies present)
caused an increase in the peak current. It is hypothesized there is formation of N-
acylisourea derivative at the surface which may enhance the electrochemical behavior.23
Upon immobilizing antibody via EDC/NHS, the signal is returned to be comparable to
the bare electrode. Further testing would be needed, potentially via XPS, to confirm that

antibodies are present.
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Figure 2.6. Average peak current for bare SPCEs (blue, n=6), EDC/NHS modified
SPCEs (pink, n=6), and antibody immobilize SPCEs (yellow, n=3). SWV was done using
10 mM Fe(CN)e3/4in 10 mM PBS.

Subsequently, antibody concentration optimization was attempted. Anti-E. coli
IgG antibody concentration was varied from 1 ug/mL to 50 ug/mL. After incubation and
a wash step, 0.5% BSA was used as a blocker and the SPCEs were incubated in
approximately 1 x 106 CFU/mL E. coli. The final electrodes were tested via SWV in 5 mM
Fe(CN)es3/4 and average change in peak currents are shown in Figure 2.7. The changes
in peak currents were calculated using Equation 2.1 from measurements made before
and after incubation in either PBS (blank) or E. coli. It was expected for the blank to have
a peak current change near zero as nothing should be changing the surface of the
electrode. At concentrations less than 50 ug/mL, this was supported with relatively small
changes in the peak current for the blanks. However, it was expected that the incubation
of E. coli on the antibody modified electrodes would result in relatively large changes in
peak current in the negative direction. This was only observed at 1 pg/mL and 20 pg/mL.

Regardless, the variation in this experiment (represented as standard deviation by the
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error bars) made the results inconclusive. We moved forward with 10 ug/mL of antibody

due to success seen in other carbon-electrode based immunsensors.1t 24, 25
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Figure 2.7. Peak current percent change from before and after incubation with PBS
(blank, blue) or 1 x 106 CFU/mL E. coli (pink). Concentration of antibody immobilized
varied from 1 pg/mL to 50 ug/mL. n = 3 for each concentration and test group.

One hypothesis for the cause of the wide variations in Figure 2.7 is ineffective
blocking of nonspecific adsorption. It is possible that the blocker used was preventing the
target, E. coli, from binding and was not consistently coating the electrodes. First, three
blocker types were investigated (Figure 2.8a) including 0.3% aged casein (AC),
SuperBlock™, and 0.5% bovine serum albumin (BSA). Again, peak current percent
changes were calculated as in Equation 1 for the signals before and after modifications
and incubation in either PBS (blank) or 1 x 10 CFU/mL E. coli were taken from SWV
using 10 mM Fe(CN)e3/4-. Both SuperBlock™ and the negative control (no blocker)
appeared to have an accumulation mode response (Figure 2.5) where the E. coli

incubated electrodes had a peak current percent change resulting in a higher signal than
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the blank. AC and BSA demonstrated slight, but not statistically significant, rejection
mode (Figure 2.5) where the signal for the E. coli incubated electrodes was lower than
that of the blanks. Passivation of the electrode with the binding of the target is more
widely understood and accepted hypothesized sensing mechanism, so we more closely
studied AC and BSA blocking conditions (Figure 2.8B). Time and concentration were
varied and the resulting peak currents for SPCEs following incubation in PBS or E. coli in
10 mM Fe(CN)g3-/4-are shown. The 1 hour with 1% BSA condition performed the best with

relatively low variation and the expected signal decrease from the blank to the target.
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Figure 2.8. (A) Comparison of blocker types on SPCEs with antibodies immobilized
via EDC/NHS for detection of E. coli using peak current percent change from before and
after incubation with PBS or E. coli using SWV in 10 mM Fe(CN)e3-/4-. (B) Comparison
of aged casein (AC) and bovine serum albumin (BSA) at 1 and 2 hours. Peak currents
were measured using SWV in 10 mM Fe(CN)e3-/4-.

However, we did not achieve reproducible statistical significance when working to
detect E. coli using EDC/NHS as the antibody immobilization technique. The EDC/NHS
reaction in aqueous conditions is prone to hydrolysis and may facilitate many side

reactions due to the nonspecific linkages between carboxylates and amines.23 It is possible

that these side reactions were outcompeting the antibody linkage reaction and preventing
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enough antibodies from binding to create a consistent electrochemical immunosensor.
Alternative immobilization techniques were investigated to avoid the problems of the

facile hydrolysis of EDC.

Chitosan Films

The chitosan film approach can be considered a hybrid between passive adsorption
and EDC/NHS crosslinking. First, a chitosan solution is dropcast onto the TPE and
allowed to dry in a simple, 1-step process. The chitosan is attached to the carbon TPE
surface by intermolecular forces similar to passively adsorbed antibodies. The dried
chitosan film is then activated by the addition of glutaraldehyde which induces the
formation of aldehydes which react with amines on neighboring chitosan molecules or
antibodies to form imines as illustrated in Figure 2.9.2¢ 27 It has been suggested that
antibody immobilization by this approach may help with antibody stability with less than

10% signal loss in one groups sensors after storage for five days.¢
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Figure 2.9. Chitosan crosslinking mechanism for immobilizing antibodies via
activation with glutaraldehyde.
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First, the chitosan coating required optimization to determine the best coverage
while limiting passivation of the electrode. The concentration of chitosan (w/v) was varied
from 0% to 0.1% and the resulting dried films were examined via scanning electron
microscopy (SEM) as shown in Figure 2.10. At 200x magnification there is not an
appreciable difference between amounts of chitosan. However, at 2000x magnification,
it is seen that the 0.1% chitosan modified TPE has a smoother appearance with filled gaps
and softened edges compared to the bare electrode with 0% chitosan. The 0.01% and

0.05% are not greatly different than that of the bare electrode.
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Figure 2.10. Scanning electron micrographs, 5 kV accelerating voltage, at 200x and
2000x magnification demonstrating 0%, 0.01%, 0.05%, and 0.1% chitosan solutions
dried onto TPEs.

The electrochemical signal was severely impacted with 0.1% chitosan (not shown);
thus, it was immediately ruled out as a being too high of a chitosan concentration.

Electrodes coated with 0%, 0.01%, and 0.05% chitosan were activated with 2.5%

glutaraldehyde, and antibodies were immobilized before cyclic voltammetry was done to
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observe the resulting impacts on electrochemical performance (Figure 2.11). As
expected, there is a decrease in signal as the concentration, and coating density, on the
electrode is higher. The 0.05% chitosan condition was chosen as it showed some evidence

of a film in SEM while maintaining an electrochemical signal on the electrode.
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Figure 2.11. Representative CVs of modified electrodes with varied concentration of
chitosan taken in 10 mM Fe(CN)s3/4- in 0.1 M KCl at a scan rate of 0.05 V/s. Potential is
versus a TPE pseudo-reference.

Next, glutaraldehyde concentration (v/v%) was optimized. Representative cyclic
voltammograms for 1%, 2.5%, and 5% glutaraldehyde activation are shown in Figure
2.12A. The 1% and 5% glutaraldehyde conditions follow the expected trend where the
signal is lower than the bare electrode. However, the 2.5% glutaraldehyde treated TPE
had similar response to the bare electrode. Peak currents of the oxidation reaction are

shown in Figure 2.12B. It is hypothesized that this is the result of random error in the

small sample size (n=3). The 5% condition had the smallest variation and the largest
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decrease in signal, indicating that more antibody was immobilized, and more chitosan
crosslinked to result in a thicker coating on the TPE surface. Thus, we determined 5%

glutaraldehyde to be the ideal condition.
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Figure 2.12. (A) Representative cyclic voltammograms in 5 mM Fe(CN)637/4-in 0.1 M
KCl at 0.05 mV/s with a TPE pseudo-reference. (B) Average peak currents (n=3) for
each concentration of glutaraldehyde used for activation of the chitosan film for
antibody immobilization.

Overall, the chitosan film modification passivated the electrode too much for it to
be a successful label-free sensor. The signal of the modified electrode in redox solution
was too low for there to be much room for reduced signal in the presence of target analyte
via the typical rejection mode sensing. Dr. Thaisa Baldo (Colorado State University) and
Dr. Vanessa Ataide (University of Sao Paolo) continued the chitosan work to examine the

utility of the modification with the addition of a carbon black to function as a conductive

media to aid in electrochemical performance.
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2.5 Conclusions

Overall, traditional approaches to antibody immobilization such as passive
adsorption, EDC/NHS crosslinking, and chitosan films were unsuccessful on TPEs.
Passive adsorption was shown to be a simple approach however it is limited in
performance due to limited active antibodies and weak attachments to the TPE surface.
The EDC/NHS crosslinking offered an attractive solution to weak attachments but was
shown to be unreliably prone to side reactions. The chitosan film approach was simple
with limited side reactions, but ultimately blocked the electrode surface too much with a
layer that was optimal for antibody attachment. The conclusion then is that an alternative
method is required for efficient antibody immobilization on TPEs. The ideal method has
strong covalent bonding, limited side reactions, and consistent results without extensive

passivation of the electrode.
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CHAPTER 3 — Surface Modification of Thermoplastic Electrodes for
Biosensing Applications via Copper-Catalyzed Click Chemistry

3.1 Overview

After studies to examine options for antibody immobilization on thermoplastic
electrodes proved difficult, as shown in Chapter 2, the focus shifted to using click
chemistry for modifying the surface of the thermoplastic electrodes (TPEs). Cu(I)-
catalyzed 1,3-dipolar cycloaddition (CuAAC), aka click chemistry, has been demonstrated
to be highly robust while providing versatile surface chemistry. One specific application
is biosensor fabrication. Recently, we developed TPEs as an alternative to traditional
carbon composite electrodes in terms of cost, performance, and robustness. However,
their applications in biosensing are currently limited due to lack of facile methods for
electrode modification. Here, we demonstrate the feasibility of using CuAAC following
diazonium grafting of thermoplastic electrodes (TPEs) to take advantage of two powerful
technologies for developing a customizable and versatile biosensing platform. After
performing a stepwise characterization of the electrode modification procedures,
electrodes were modified with model affinity reagents. Streptavidin and streptavidin-
conjugated IgG antibodies were successfully immobilized on the TPE surface as
confirmed by electrochemical impedance spectroscopy (EIS) and X-ray photoelectron
spectroscopy (XPS).

The work presented in this chapter was completed in collaboration with Dr. Yann
R. Leroux and Dr. Philippe Hapiot of the University of Rennes. Acknowledgement is also
given to the Analytical Resources Core (RRID: SCR_021758) at Colorado State University

for instrument access and training for SEM and XPS. The data shown here has been
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published in ACS Applied Materials and Interfaces.! Supporting information can be

found in Appendix A.

3.2 Introduction

Thermoplastic electrodes (TPEs) have been shown to have a wide range of
applications including ion-selective electrodes, Escherichia coli sensors, and enzymatic
glucose sensors.27 The advantage of using these carbon composite electrodes is they are
robust and yield better electrochemistry than other carbon electrodes, such as screen-
printed carbon electrodes (SPCEs), while being less expensive than traditional precious
metal electrodes.2 However, there is a gap in the ability to modify TPEs consistently and
reliably for biosensing applications, particularly for immobilization of biorecognition
elements such as antibodies and aptamers. Passive adsorption methods for antibody
immobilization tend to be inconsistent due to the relatively weak intermolecular forces
between the antibody and the electrode surface.8 Covalent modification lends stronger
binding and can help orientate antibodies to be able to bind the antigen. One commonly
used covalent approach is (EDC)/N-hydroxysuccinimide (NHS) crosslinking.6: 810
EDC/NHS has been shown to be successful on TPEs for E. coli detection, however,
EDC/NHS chemistry can be prone to undesirable side reactions with water, primary
amines, and carboxyl groups present in the system.¢ 1112 Thus, there is still a need for
facile antibody immobilization, applicable to the highly variable surface topography and

chemistries of TPEs.

Click chemistry, Cu(I)-catalyzed 1,3-dipolar cycloaddition (CuAAC), is an

attractive solution and has been used in a wide variety of applications on precious metal
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and carbon electrodes.3. 14 The key to click chemistry is adding alkyne or azide functional
groups on the electrode surface, which can be achieved via electroreduction of aryl
diazonium ions.1518 Several groups have successfully applied CuAAC combined with
diazonium grafting for biosensing applications on carbon electrodes using aptamers or
antibodies as the biorecognition elements.19-24 For instance, Sanchez-Tirado, et. al., used
alkyne-terminated IgGs to detect transforming growth factor f1 (TGF-f1) cytokine using
multi-walled carbon nanotube modified SPCEs to achieve pg/mL limits of detection.2s
Success using SPCEs bolsters the motivation for exploring the CuAAC modification

approach on TPEs.

One of the greatest advantages of the CuAAC approach to electrode surface
modification is that it is easily customizable in terms of functional groups, pattern, film
thickness, and can be performed under mild conditions.26-28 The present study seeks to
examine the performance of TPEs as an alternative to traditional electrodes with ChAAC
modification following diazonium grafting as a platform for biosensing applications.
Initial work using aryl diazonium grafting on TPEs was successful using organic
solvents.29 However, better electrochemical performances and easier fabrication are seen
using TPE materials (polystyrene binder and polymethylmethacrylate template) that are
not compatible with these solvents.2 Diazonium grafting in water is established to be
successful on TPEs here along with subsequent click chemistry-based modification with
a biotin moiety for easy linkage to streptavidin conjugated nanoparticles and antibodies
as a proof of concept. The multistep process allows for a well-organized monolayer film
to form as a result of the aryl diazonium grafting to form a convenient linkage point for

the secondary click chemistry reaction.®
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3.3 Materials and Methods
Electrochemical Characterizations

Thermoplastic electrodes (TPEs) made of TC303 carbon (Asbury Graphite Mills
Inc, NJ) and 45,000 MW polystyrene (Sigma-Aldrich, St. Louis, MO) in
polymethylmethacrylate (PMMA) templates were fabricated as previously reported.2 5
They were prepared for each experiment by wet sanding for 30 s each in a figure-eight
pattern on silicon carbide sandpaper at 150 then 600 grit. They were then sonicated in
ultrapure water for 5 min and air dried before use. All electrochemical measurements
were performed with Palmsens4 potentiostat (Palmsens, Houten, Netherlands). Each
electrode in the 3-electrode system (counter, working, and pseudo reference) were made
of the same thermoplastic electrode material with 3 mm diameter working and reference
electrodes and 4.5 mm counter electrode. All data was processed and plotted using
MATLAB, unless otherwise specified.

Cyclic voltammograms (CVs) were collected by adding 300 pL of 1 mM Fe(CN)e3-
/4~ (0.5 mM of potassium hexacyanoferrate trihydrate and 0.5 mM of potassium
ferricyanide, Sigma Aldrich, St. Louis, MO) in 0.1 M KCl (99.0% Sigma Aldrich, St. Louis,
MO) to the electrode system and scanning at 5, 10, 20, 40, 60, 80, 100, 300, and 500
mV/s in random order. Each scan rate was tested in triplicate on separate electrodes and
the process was repeated in triplicate for 1 mM ferrocenedimethanol (Fc(MeOH)-,
Ambeed, Arlington Heights, IL) in 0.1 M KCI.

Electrochemical impedance spectroscopy (EIS) was performed in 10 mM Fe(CN)¢3-
/4~ in 0.1 M KCl with a fixed scan type at AC potential of 0.2 V with an equilibration time
of 3 s. Frequency was scanned from 0.1 Hz to 105 Hz with 10 points taken per frequency

decade. Fits were made to the equivalent circuit using PSTrace v.5.
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Surface Characterizations

Scanning electron microscopy (SEM) was used to image surfaces. Representative
TPE surfaces were sputter-coated to a 10 nm thick gold layer. Secondary electron images
(SEI) were collected on a JEOL JSM-6500 Field Emission Scanning Electron Microscope
with 10.0 kV accelerating voltage applied. All resulting images were processed in ImageJ
software. For optical profilometry measurements, a Zygo ZeScope profilometer was used
with 20x magnification and ZeMaps data acquisition software. X-ray photoelectron
spectroscopy (XPS) was performed on a Physical Electronics X-Ray Photoelectron
Spectrometer equipped with monochromated Al anode producing Al kq x-rays and 0.8 x
0.8 mm aperture, 20 pA electron neutralizer, and argon ion gun neutralizer. Resulting
high resolution spectra were processed and analyzed via CasaXPS software.

Scanning electrochemical microscopy (SECM) was performed using a CH
Instruments 920D model and 10 um diameter Pt probe, with Ag/AgCl reference, and
platinum-wire counter electrode in a traditional three component system. The TPE
surface was unbiased and tilt corrections were done using probe approach curves on the
insulating electrode template surrounding the TPEs. Either 1 mM potassium ferrocyanide
or 1 mM ferrocene dimethanol in 0.5 M KCl were used as the probe. Maps were processed
using CH Instruments software and probe approach curves were fitted using simulations

via MIRA software.

Electrode modification
Electrode modification throughout this work follows the general steps shown in
Figure 3.1. First, the 4-(trimethylsilyl)ethynylbenzene diazonium salt was generated in

situ from addition of 2 molar equivalents of sodium nitrite (99.99% metals basis, Sigma-
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Aldrich, St. Louis, MO) to 10 mM of 4-(trimethylsilyl)ethynylaniline (96%, Sigma-
Aldrich, St. Louis, MO) in 0.1 M HCI (ACS certified, Fisher Scientific, Waltham, MA).3°
The diazonium solution was then diluted 20-fold in 0.1 M HCI. A 100 uL aliquot was
added to the TPE and electroreduction of aryl diazonium ions was performed by CV by
sweeping the potential from 0 to -0.8 V with a scan rate of 50 mV/s for five cycles®
(Figure 3.1, Step 1). Electrodes were rinsed thoroughly with MQ water and air dried
before deprotection. Grafted electrodes were used within three days of electrografting
(stored on benchtop protected from dust). The trimethylsilyl (TMS) protecting group was
removed (Figure 3.1, Step 2) via 20 min of sonication in 1 M of NaOH (Fisher Scientific,
Waltham, MA). Electrodes were rinsed thoroughly with MQ water and air dried prior to

the “click” reaction.

Step 4. Crosslinking to biorecognition

Step 3. Copper catalyzed “Click element (i.e., IgG antibody)
Step 2. Deprotection Chemistry” with azide terminated ;
of the TMS group compound (i.e., N;-PEG3-Biotin) T

Step 1. Electrografting of 4-
(timethylsilyl)ethynylbenzene
diazonium salt (produced in situ)

H
+<>_/
N2 —Si—
\

N—N/R N—N/R_-
I { é

Figure 3.1. Modification workflow for the covalent functionalization of
thermoplastic electrodes.

Alkyne-azide cycloaddition click chemistry was performed next (Figure 3.1, Step
3) with 20 mM of CuSO, (pentahydrate, 99%, Sigma-Aldrich, St. Louis, MO), 2.5 uL./mL
of N3-PEG3-Nj3 (Toronto Research Chemicals, Toronto, ON) or 20 mM of N3-PEG3-biotin

(98%, BroadPharm, San Diego, CA), and 5 mM of L-ascorbic acid (Biogems International,
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Westlake Village, CA). A 25 pL of each reagent was added sequentially to the working
electrode only and allowed to sit at room temperature for 1 hour before rinsing with MQ
water and air drying. A second click reaction was completed for electrodes modified with
N3-PEG3-N; with the same CuSO; and L-ascorbic acid (AA) with 20 mM of
ethynylferrocene (Ambeed, Arlington Heights, IL). Concentrations of CuSOy4, AA, and N3-
PEG3-N3; were optimized by determining peak signal and surface coverage, I'rc, after
clicking ethynylferrocene to the surface (see Appendix A, Figure A.1). Optimizations
followed expected trends, where higher concentrations yielded higher surface coverage,
except in the case of AA where the low pH of the higher concentration is hypothesized to
have impeded the reaction.3!

After click reactions (Figure 3.1, Step 4), electrodes were successively rinsed
with saturated EDTA solution (pH = 8) and water (optimization available in Appendix A,
Figure A.2). Electrodes modified with N3-PEG3-biotin were incubated with 25 L of 10
ug/mL of streptavidin (AnaSpec Inc., Fremont, CA, USA) or streptavidin-conjugated anti-
E. coli 1gG (Abcam, Cambridge, UK) for 30 minutes at room temperature. Anti-E. coli
antibodies were linked to streptavidin prior to use via Lightning Link Kit (Abcam,
Cambridge, UK). After incubation, the electrodes were rinsed thoroughly with water. All

electrodes were used the same day that they were modified.

3.4 Results and Discussion

The surfaces of unmodified thermoplastic electrodes (TPEs) were first
characterized to evaluate the composition and morphology prior to functionalization.
Figure 3.2A shows SEM micrographs of the TPEs used in this study. The rough surface

observed here is due to the polishing process applied to the TPEs before use. Through
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Figure 3.2B, the electrodes were determined to have a root-mean-square roughness of
the representative surface sample of Rrms = 0.776 um (average roughness, Ra = 0.575
um). This is more than previously reported roughness values for commercial screen-
printed carbon electrodes (Ra = 0.121 um).32 It was hypothesized that these TPEs yield
high electrochemical performance due to the abundance of edge planes at the surface,33
which effectively enhances the surface area available to electrochemical reactions. Figure
3.2C shows the Cis high resolution x-ray photoelectron spectrum of the TPE surface. The
thermoplastic binder, polystyrene, is the primary contributor to the C1s spectrum.34 The
C1s spectrum can be peak-fitted in 3 main contributions at 284.9 eV, 285.4 eV, and 286.8
eV corresponding to C-C, C=C (50.5%), C-O (26.5%) and C=0 (23.0%). The oxygen to
carbon ratio (Io/Ic) based on the XPS survey spectrum (Appendix A, Figure A.3) is 0.067
which is expected based on the individual spectra of the electrode components: graphite

and polystyrene.35-37

w C-C, C=C

%)

'E Area %

J c-c,c=C 505

(@)

O co 26.5

Cc=0 23.0 C_O

_ -l s \
E ‘ A
g 295 290 285

Binding Energy (eV)

Figure 3.2. (A) Scanning electron micrograph at 5,000x magnification of bare TPE
surface at 10.0 kV accelerating voltage. (B) Representative roughness profile of the TPE
surface, Rrms = 0.776 um and Ra = 0.575 um. (C) XPS high resolution Ci1s spectrum of
TPE surface.
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The equation (Equation 3.1) describing the value of the peak current for a
monoelectronic reversible redox couple was used to determine the electroactive surface
area using the peak current as a function of scan rate in cyclic voltammetry, where ip is
the peak current (A), F is Faraday’s constant (C-mol), R is the ideal gas constant (J-mol-
LK), T is temperature (K), A is the electrode electroactive area (cm2), D is the diffusion

coefficient (cm-s), Cis the concentration (M), and v is the scan rate (V-s1).38

1
1

ip = 0.4463 (E)EAD%CVE (Equation 3.1)

Ferri/ferrocyanide (Fe(CN)e37/4) and ferrocenedimethanol (Fc(MeOH).) were
used as complementary redox probes; Fe(CN)e¢37/4- being an inner-sphere electron
transfer probe and Fc(MeOH). an outer-sphere electron transfer probe, giving
information on both electrode surface state and kinetic of electron transfer.39 Cyclic
voltammograms and the resulting peak current versus the square root of the scan rate
plots are shown in Appendix A, Figure A.4. The diffusion coefficients for Fe(CN)e3/4- in
0.1 M KCl were calculated using Equation 1 and the peak currents from cyclic voltammetry
at 1 mV/s and assuming the area to be equivalent to the geometric area (0.0707 cm?). The
values are in agreement with literature at Do = 5.66 x 10 cm2-st and Dr = 6.89 x 100
cmz2-s1 by running cyclic voltammetry at 5 mV/s.4¢ Temperature was assumed to be 298
K to calculate the electroactive area of the working electrode as 0.0957 cm? for the
oxidized species. The reduced species electroactive area was in agreement at 0.0846 cmz.
This is over 130% of the geometric area for the oxidized species, which is sensible given
the rough surface observed in Figure 3.2. The electroactive area determined using the

oxidized and reduced Fc(MeOH). was 0.0776cm? (oxidized species) and 0.0685cm?2
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(reduced species), which is roughly 110% of the geometric area for the oxidized species.
These values were again calculated using the assumption of 298 K and diffusion constants
of Dr = 6.06x 10 cm2-s* and Do = 7.00 x 10-6 cm2-s! calculated in the same manner as
for Fe(CN)63/4 in agreement with previous work.4! Due to the surface sensitive nature of
Fe(CN)e3-/4-, it was expected for the geometric area in Fe(CN)e3/4-to be lower than that of
Fc(MeOH)2.42 It is hypothesized that the difference in electroactive area between the two
probes is the result of random variation in surface area of the TPEs.

After establishing the baselines for TPE behavior and surface characteristics, TPE
surface functionalization was carried out by electroreduction of aryl diazonium salt
produced in situ by reacting 4-(trimethylsilyl)ethynylaniline with sodium nitrite, forming
a protected alkyl monolayer.16. 27 Representative cyclic voltammograms (Appendix A,
Figure A.5) demonstrate that the grafting reaction proceeded comparably to previous
reports.17: 8. 29 The resulting surface shows a clear silicon signal compared to a bare
electrode (Figure 3.3) confirming, in conjunction with electrochemical data, a TMS-
protected 4-ethynylbenzene monolayer on the surface. The Cis high resolution XPS
spectrum also shows a broadening of the C1s peak including a contribution from C-Si and
C-N bonding at 284.9 eV and 285.19 eV respectively, with atomic compositions calculated
as follows: C-Si: 10.2%, C-C, C=C: 15.0%, C-N: 20.5%, C-O: 7.9% and C=0: 46.4%. The
increase in C=0 relative atomic percent is probably due to the aqueous treatment of the
electrode surface during electrochemical grafting. The C-N contribution has already been
observed during aryl diazonium grafting and is attributed to the reaction of the diazonium
cation with surface groups of the carbon electrode or grafting of azophenyl groups, formed
from the one-electron reduction of the diazo functional group, directly at the electrode

surface.43-45
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Figure 3.3. (A) Cis and (B) Si2p high resolution XPS spectra of functionalized TPE
with 4-(trimethylsilyl)ethynylbenzene monolayer.

The diazonium salt solution concentration was varied from o0 mM to 10 mM
(Appendix A, Figure A.6) and the resulting electrochemical behavior of the
functionalized TPE was evaluated via cyclic voltammetry in solution containing
Fc(MeOH): or Fe(CN)e3/4- redox probes. Figure 3.4 shows the representative CVs for
Fc(MeOH):= and Fe(CN)e3/4- redox probes. The CVs obtained in Fe(CN)e3/4- confirm a
complete coverage of the TPE surface, with no pinholes or defects, for aryl diazonium
concentration as low as 0.5 mM, while in Fe(MeOH)- no significant change can be
observed. This is indicative of a very thin layer deposition as observed previously.16 At
0.05 mM (Appendix A, Figure A.6), there is a significant increase in reduction/oxidation
of Fe(CN)s3/4-indicating a disperse monolayer. The 0.5 mM diazonium solution was used
for the remainder of the work, reducing reagent cost (compared to 10 mM), but

maintaining a consistent and complete functionalization of the surface.
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Figure 3.4. Representative cyclic voltammograms (A) 1 mM Fe(MeOH):in 0.1 M KCl
or (B) 1 mM Fe(CN)s3/4- in 0.1 M KCl on modified electrodes with 0.5 or 10 mM of
diazonium salt solution grafted to the surface via electroreduction. Potential are given
versus carbon pseudo reference.

From the voltammograms of Fc(MeOH)- (Appendix A, Figure A.7A and A.7C)
we could derive an apparent electroactive area of the electrode before and after
modification. The oxidized species electroactive area is 0.0708 cm?2 which is an 9%
decrease from the bare surface area, which effectively does not impact the proportion of
electroactive area percentage of the geometric area. The reduced species electroactive
area is 0.0751 cm2 which is an increase of approximately 10% from the bare surface and
also not an appreciable change from the percent of the geometric area. The results
indicate that the electrode modifications do not significantly impede the rate of electron
transfer with ferrocene dimethanol, which is beneficial when considering biosensing
applications.

Removing the TMS protecting group is the next phase and is critical for freeing the
ethynyl group for click chemistry. While using TBAF in tetrahydrofuran has been shown

to be highly successful, TPEs are not compatible with organic solvents.” Thus sodium
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hydroxide was used to remove the protecting group.4¢ Deprotection conditions were
optimized (Appendix A, Figure A.8) and sonicating the electrodes in 1M NaOH for 20
min is effective in the removal of the TMS protection group. Cyclic voltammograms in
Figure 3.5 show that some Fe(CN)e3/4 signal is recovered after deprotection, while
Fc(MeOH)- signal is largely unaffected. The signal suppression of Fe(CN)s3/4- despite
deprotection is expected due to the small protecting group lending to a dense packing of

the monolayer.47
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Figure 3.5. Representative cyclic voltammograms in (A) 1 mM Fe(MeOH):in 0.1 M
KCl or (B) 1 mM Fe(CN)s3-/4- in 0.1 M KClI of bare (black curves) and functionalized
TPEs deprotected using 1M NaOH solution for 20 min with (magenta curves) and
without sonication (blue curves).

Upon freeing the alkyne moiety for the click chemistry reaction, a short diazido-
PEG linker (N3-PEG3-N3) was introduced by click chemistry reaction, followed by the
addition of ferrocenyl moieties through a second click chemistry reaction, resulting in a
surface bound redox probe. The successful bonding of ferrocenyl moieties is observed
both by electrochemical means (Figure 3.6A) and by the appearance of a new signal at

709.5 eV in the XPS survey spectrum attributed to Fe2p (Figure 3.6B). From the area

54



under the oxidation peak, the surface concentration of immobilized ferrocene (I'rc) was
determined.48 At a scan rate of 10 mV-s, the I'rc was determined to be (1.0 + 0.2) x 10-1°
mol-cm-2. This value is comparable to those reported for a similar approach on glassy
carbon and pyrolytic graphite edge electrodes, (3.3 + 0.9) x 101° and (14.3 + 1.0) x 10°1©
mol-cm=2respectively.48 This value is especially reasonable when considering the possible

impact of the diazido-PEG linker used to immobilize the ferrocenyl moieties.
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Figure 3.6. (A) Representative cyclic voltammograms of bare (black curve) and
ferrocenyl functionalized (blue curve) TPE by click chemistry. Potential are given versus
carbon pseudo-reference and scan rate = 10 mV-s=. (B) Fe2p high resolution XPS
spectra of bare (black curve) and ferrocenyl functionalized (blue curve) TPE by click
chemistry.

Upon demonstrating the success of clicking ferrocene to the surface, N3-PEG3-
biotin was clicked to the electrode surface, following diazonium electrografting.
Representative CVs following the stepwise TPE modification (Appendix A, Figure A.9)
show the decrease in electron transfer at the surface with Fe(CN)es3-/4-. The first step is
from bare electrode to grafted and the near total suppression of electron transfer is seen.

After deprotection, the signal is recovered and the subsequent step to click N3-PEG3-
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biotin to the surface causes the signal to decrease as expected. To evaluate the quantity of
biotin that was clicked onto the surface, the apparent electroactive area was determined
considering the oxidation of Fc(MeOH)- at different scan rates (Appendix A, Figure
A.10) with Eq 3.1 once again. In this estimation, we consider that the surface covered by
PEG3-biotin is blocking for the oxidation of Fc(MeOH).. The oxidized species
electroactive area was 0.0529 cm2 which is a 27% decrease from that of the grafted
electrode and 32% decrease from the bare electrode, thus the binding of the N3-PEG3-
biotin does not significantly impede electron transfer when using Fe(MeOH)-.
Ultimately, the use of TPEs as an immunosensor requires the immobilization of a
biorecognition element, such as an antibody to the surface. The confirmed presence of
biotin clicked to the surface gave a point for streptavidin conjugation. Preliminary tests
with cyclic voltammetry (Appendix A, Figure A.9) showed the suppression of oxidation
and reduction of Fe(CN)e¢3/4- as expected. It is seen that the signal on a streptavidin
modified electrode is significantly lower than the negative control (N3;-PEG3-biotin
modified electrode incubated in PBS only). Surprisingly, when streptavidinated-IgG
antibody was bound to the biotin clicked surface, the resulting voltammogram shows
higher signal than any of the modification steps. This behavior was further investigated
by electrochemical impedance spectroscopy (EIS) (Figure 3.7). As expected, the data
mirrors the CV results. The charge transfer resistance, Ret, was calculated by the
equivalent circuit shown in Figure 3.7B which is based on modified electrode equivalent
circuits for electrodes with surface modification.49-52 The Rt values represented by the bar
chart in Figure 3.7B correspond to R3 in the equivalent circuit and the average percent
error of the fit was less than 5% across all conditions (Appendix A, Table A.1). The Ret

increases upon the addition of streptavidin compared to the control of phosphate buffered
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saline (PBS) yet decreases substantially when streptavidinated antibody is bound instead.
Streptavidin is roughly 5 nm in diameter and is expected to pack much more tightly than
the streptavidin-antibody complex in which the antibody portion alone is upwards of 14
nm at the longest side.53 54 Further, it is hypothesized that the streptavidin-antibody
conjugate disrupts the PEG3-biotin monolayer on the surface creating gaps for the redox

probe, Fe(CN)e3/4, to perform electron transfer more effectively at the electrode surface.
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Figure 3.7. (A) Representative Nyquist plots demonstrating the change in Rctas the
surface groups change. (B) EIS equivalent circuit and resulting calculated Rct values
(n=3) where the error bars represent standard deviation.

Further support that demonstrates the successful conjugation of streptavidin to
the surface was achieved via scanning electrochemical microscopy (SECM) using
Fe(CN)e4 as the redox probe (Figure 3.8). On the bare electrode, approach curves show
positive feedback (Figure 3.8A) indicating electron transfer between the TPE surface
and Fe(CN)e4 in solution. The increase in current is relatively small, likely due to the
rugosity of the surface impeding the approach of the SECM tip. A 200 um square map of

the bare electrode surface shows areas of higher and lower activity due to the surface
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roughness, but the whole surface demonstrates positive feedback indicating that there are
no insulating zones on the bare TPE surface. After modifying the TPE with N3-PEG3-
biotin, negative feedback is observed across the whole surface shown in Figure 3.8B,
corresponding with full coverage of the electrode preventing electron transfer. Approach
curves for both the bare and N3-PEG3-biotin modified electrodes are consistent within
groups regardless of the approach location. Streptavidin was bound to the N3;-PEG3-
biotin modified surface and the resulting surface is shown to be highly heterogenous with
some areas giving positive feedback and some giving negative (Figure 3.8C). However,
when streptavidin-antibody is immobilized onto the TPE instead, the surface regains
positive feedback across the surface. The culmination of the data further supports the
hypothesis that binding the relatively large streptavidin-antibody complex creates
disruptions in the modification layers to facilitate the electron transfer at the TPE surface.
Figure 3.9 illustrates the hypothesis on a molecular level where the bulkier streptavidin-
antibody structure may cause greater gaps in the surface modifications allowing more

Fe(CN)e3-/4-to interact with the surface.
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Figure 3.8. SECM maps and representative (n=3) probe approach curves taken in 1
mM ferrocyanide in 0.5 M KCl of 200 um square sections of (A) bare electrodes, (B)
N3-PEG3-biotin modified electrodes, (C) streptavidin immobilized on electrodes, and

(D) streptavidinated antibody immobilized on electrodes. Average currents for the
maps are 1.18 + 0.08 A, 1.20 + 0.05 A, 1.46 + 0.23 PA, and 1.21 + 0.05 pA
respectively, with no statistical difference. All reported currents are normalized against
the infinite current.
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Figure 3.9. Hypothesized molecular-level behavior of modified TPEs with the binding
of streptavidin (SA) and streptavidin-antibody to N3-PEG3-biotin modified TPEs.

Confirmation of streptavidin-antibody bound to the surface was made via XPS
(Figure 3.10) where the C1s high resolution spectra demonstrate the changes in surface
chemistry. Both biotin and streptavidin-antibody modified TPEs show the presence of
increased nitrogen and sulfur over the bare electrode as expected due to the formation of
the triazole linkage with N3-PEG3-biotin and protein composition.55-57 Most XPS analysis
penetrates 5-10 nm into the sample surface; hence, the relative reduction in C-S and C-N
bonding in the streptavidin-antibody decorated surface over the biotin clicked surface
indicates the biotin structure being hidden by the comparatively large protein layer.57-59
The XPS data supports the electrochemical data demonstrating that streptavidin-
antibody is successfully bound to TPEs modified with N3-PEG3-biotin via click chemistry

following diazonium electrografting for immunosensing applications.
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Figure 3.10. Deconvoluted XPS Cis high resolution spectra for (A) N3-PEG3-biotin
clicked and (B) streptavidin-antibody modified electrodes.

3.5 Conclusion

Here it has been shown that diazonium grafting followed by click chemistry is
successful for adding biotin functionalization to TPEs, creating an easily customizable
platform for biosensing. Electrochemical techniques and XPS were used to determine
surface coverage of the diazonium monolayer, clicked N3-PEG3-biotin, and to validate
each step of the modification procedure. We demonstrated that the modification is
successful and binding of large complexes, such as streptavidin-antibody conjugation, is
believed to disrupt the modification layer, increasing the observed current in a surface
sensitive redox probe. The multi-step approach used herein allows for a uniform
monolayer to form in the aryl diazonium grafting step followed by highly customizable
functionalization via click chemistry for a stable, biotinylated TPE. This work provides an
exciting basis for expanding the applicability of TPEs, which can be a better choice of

electrode compared to expensive metal electrodes and more robust than SPCEs.
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CHAPTER 4 - Characterization of Heterogeneous Polyethylene Glycol
Monolayers with Surface-Bound Ferrocene on Thermoplastic Electrodes for
Label-Free Immunosensing Applications

4.1 Overview

The work presented in this chapter is an expansion of the platform developed in
Chapter 3. Enhancing signal of a label-free immunosensing platform has major
implications on the sensitivity and accuracy of the electrochemical sensor. This is
particularly important for the creation of immunosensors to effectively detect a target
with low limits of detection. To address this need we demonstrate a signal enhancing
platform on thermoplastic electrodes (TPEs) that utilizes a multifunctional monolayer
with surface-bound ferrocene to aid electron transfer. The monolayer is created by using
a mixture of differing polyethylene glycol (PEG) lengths with either an azide terminal
group to attach the ferrocene or a biotin terminal group to allow for an antibody to be
immobilized for immunosensing capabilities. Electrochemical impedance spectroscopy
(EIS) and X-ray photoelectron spectroscopy (XPS) were used to characterize the
monolayer formation and confirmed modifications. Proof-of-concept detection of SARS-
CoV-2 nucleocapsid protein was achieved with limits of detection below 10 PFU/mL of
inactivated virus in PBS.

The data collected in this work was in collaboration with Dr. Yann R. Leroux and
Dr. Philipe Hapiot of the University of Rennes. XPS was done at the Colorado State
University Analytical Resources Core (RRID: SCR_021758). Emie Marin assisted with
data collection as well as with writing initial drafts of this work for submission for
publication. The findings are in preparation, but not yet submitted for publication.

Supporting information can be found in Appendix B.
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4.2 Introduction

Recent years have brought a push towards more readily available point-of-care
diagnostic tools for infectious diseases.! Electrochemical immunosensors have emerged
as a promising technology in this regard, offering several advantages over other
traditional diagnostic methods. Enzyme-linked immunosorbent assays (ELISAs) are
widely used in clinical laboratories but can be time-consuming and may require
specialized equipment and trained personnel.2 Lateral flow assays (LFAs) are inexpensive
and easy to use but suffer from low sensitivity and are limited to qualitative or semi-
quantitative results.3 4 Shifting to electrochemical immunosensors fills the gap by
remaining relatively inexpensive, sensitive, quantitative, and deployable at the point-of-
care.5

Label-free electrochemical immunosensors are particularly attractive because they
eliminate the need for labeling molecules, such as enzymes or fluorescent tags.¢ 7 This
simplifies the assay, reduces costs, and minimizes the potential for interference, resulting
in more straightforward and cost-effective diagnostic tools. Label-free electrochemical
immunosensors are attractive due to their simplicity over labeled formats and have
achieved very low limits of detection (LOD).71° Various sensing mechanisms can be
employed in immunosensors, but in the case of affinity-based immunosensors, it is typical
for the sensor to exhibit a decrease in signal correlating to an increase of target antigen
bound to the surface.® 1 This characteristic represents a constraint for label-free
electrochemical immunosensors owing to the practical challenges associated with
effectively blocking the electrode.

Enhancing the signal or the performance of the electrode within the surface

modification is the approach of many researchers.’2 Gold is a common material used to
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enhance the performance of carbon electrodes while providing convenient antibody
immobilization sites.’325 A group recently published a label-free impedimetric
immunosensor that achieved an LOD of 6 pg/mL for detecting SARS-CoV-2 nucleocapsid
protein (N protein) in diluted saliva samples.16 However, this sensor relied on using gold
nanostructures electrodeposited onto screen printed carbon electrodes (SPCEs) followed
by a number of modification steps including EDC/NHS crosslinking which can be prone
to side reactions.16:17 A preferred approach is to use multifunctional modifications with to
eliminate the total steps required and eliminate potentially poor crosslinking reactions.
One example is that of Liu and Gooding, in which their modification of molecular
wires interspersed in a PEG monolayer on glassy carbon electrodes both blocked
nonspecific adsorption and enhanced electron transfer between the target analytes and
the electrode surface.’® In the work described here we use click chemistry for the
modification of thermoplastic electrodes (TPEs) with multifunctional monolayers
composed of PEG chains terminated with either ferrocene or biotin for facile antibody

immobilization, signal rectification, and blocking of nonspecific adsorption.

4.3 Materials and Methods
Electrode Fabrication and Surface Modification

Thermoplastic electrodes (TPEs) were fabricated according to previous methods
using TC303 graphite (Asbury Graphite Mills Inc., NJ) and 45,000 MW polystyrene
(Sigma-Aldrich, St. Louis, MO) in templates laser-cut into poly(methyl)methacrylate.9. 20
Prior to use, each TPE was polished by wet sanding for 30 s sequentially on 150 and 600
grit silicon carbide sandpaper, then sonicated in ultrapure water for 5 min. Aryl

diazonium grafting was performed as in previous work.2t Briefly, 10 mM 4-
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(trimethylsilyl)ethynylbenzene diazonium salt was produced in situ from reacting 4-
(trimethylsilyl)-ethynylaniline (96%, Sigma-Aldrich, St. Louis, MO) with 2 molar
equivalents of sodium nitrite (99.99% metals basis, Sigma-Aldrich, St. Louis, MO) in 0.1
M HCI (ACS certified, Fisher Scientific, Waltham, MA). The reaction solution was diluted
to approximately 0.5 mM diazonium salt which was grafted to the working electrode via
CV with potential swept from 0 to —0.8 V at 50 mV/s for five cycles. Electrodes were
stored in a cool dry location and protected from dust before use.

The terminal alkyne was deprotected by sonicating the TPEs in 1 M NaOH (Fisher
Scientific, Waltham, MA) for 20 minutes followed by rinsing in ultrapure water and air
drying according to previous work.2! The first click reaction was performed by adding 20
uL droplets of 20 mM CuSO,4 (pentahydrate, 99%, Sigma-Aldrich, St. Louis, MO), 5 mM
ascorbic acid (Biogems International, Westlake Village, CA), and N3-PEGn-biotin
mixture. The azido-PEG mixture was composed of 10 mM of N3-PEG11-biotin (Acrotein
ChemBio, Hoover, AL), or 10 mM N3-PEG24-biotin (Santa Cruz Biotechnology, Dallas,
TX), made in 10 mM N3-PEG3-N3 (Toronto Research Chemicals, North York, ON,
Canada). This 1:1 molar ratio of azido-PEG compounds was used unless otherwise
specified. After reacting for 1 hr at room temperature, the electrodes were rinsed
thoroughly with saturated EDTA (pH = 8, Sigma-Aldrich, St. Louis, MO) and ultrapure
water. The second click reaction was completed next with 20 uL each of 20 mM CuSOy, 5
mM ascorbic acid, and 10 mM ethynyl ferrocene (Ambeed, Arlington Heights, IL) in
ethanol (reagent alcohol, Sigma-Aldrich, St. Louis, MO). Wells made of double-sided
adhesive were applied to the TPEs to contain the reactants over the working electrode.
The reaction was carried out at room temperature for 1 hr on a gentle shaker. Modified

TPEs were thoroughly rinsed with EDTA and ultrapure water before subsequent use.
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Figure 4.1 illustrates the surface modification with dual PEG spacer lengths terminated

with biotin and ferrocene moieties.

D> TPE
@\ N,-PEGN-Biotin

N,-PEG3-Fc

N3-PEG11-Biotin + N;-PEG3-Fc N,;-PEG24-Biotin + N;-PEG3-Fc

Figure 4.1. Molecular level diagram (not to scale) of the TPE surface modifications
with heterogeneous monolayer formation.

Biosensor Fabrication and Testing

Streptavidin-conjugated antibody (strep-Ab) was prepared using a Lightning Link
Kit (Abcam, Cambridge, UK) to link streptavidin to anti-SARS-CoV/SARS-CoV-2
nucleocapsid protein mouse monoclonal antibody (40143-MMo5, Sino Biological,
Wayne, PA). Stock strep-Ab was diluted 100-fold in phosphate buffered saline (PBS, pH
= 7.4, Sigma-Aldrich, St. Louis, MO) to approximately 5 ug/mL and 20 pL was added to
prepared TPEs for 1 hr at room temperature. After incubation, electrodes were rinsed
thoroughly.

For nonspecific adsorption studies, a 20 uL of 5% of bovine serum albumin (BSA,
Equitech-Bio, Kerrville, TX) in PBS was added to the modified TPE for 1 hr at room
temperature. No strep-Ab was added to these electrodes. The N3-PEG3-Fc control group

was prepared similarly to the other electrodes, except there was no N3-PEGn-biotin added
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to the reaction mixture. After incubation in BSA, electrodes were rinsed thoroughly with
PBS prior to electrochemical measurements.

For SARS-CoV-2 nucleocapsid protein (N protein) detection, TPEs modified
through the strep-Ab step were incubated with 1% BSA to as a blocker for nonspecific
adsorption. Inactivated SARS-CoV-2 virus samples were prepared according to previous
methods.22 Experiments with inactivated virus were performed following BSL2 safety
protocols. Concentration of the stock solution in plaque forming units (PFU/mL) was
determined by plaque assay.23 Stock virus solution was diluted to 10 PFU/mL, 500
PFU/mL, and 2000 PFU/mL in PBS with 0.1% TWEEN20 (Sigma-Aldrich, St. Louis,
MO) and 0.1% IGEPAL CA-630 (Sigma-Aldrich, St. Louis, MO). Prepared TPEs were
exposed to 20 pL of virus solution for 30 min before rinsing thoroughly with PBS and

measurement with SWV.

Electrochemical Measurements

All electrochemical measurements were completed using Palmsens4 potentiostat
(Palmsens, Houten, Netherlands) and data was processed, fit, and plotted using PSTrace
v.5. and MATLAB. Cyclic voltammetry (CV) and square wave voltammetry (SWV) were
performed using 1 mM potassium ferricyanide (Fe(CN)¢3-, Sigma-Aldrich, St. Louis, MO)
in 0.1 M KCI (99.0%, Sigma-Aldrich, St. Louis, MO). The working and counter electrodes
were TPEs (3 mm and 4.5 mm respectively), and the reference electrode was a saturated
calomel electrode (SCE). CVs were collected by scanning from 0.65 Vto -0.3 Vat 20 mV/s
with a 2 s equilibration time. Scan rate studies included 5, 20, 60, 100, 300, and 500 mV/s

taken in random order. SWV measurements were done by scanning from 0.5 Vto -0.1V
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with 0.002 V step, 0.05 V amplitude, and 10.0 Hz frequency after a 2 s equilibration time.
The resulting voltammograms were baseline subtracted using moving average baseline.
Electrochemical impedance spectroscopy (EIS) was performed using a TPE
pseudo-reference electrode according to previous work with some alterations.2! The redox
probe used was 1 mM ferri/ferrocyanide (0.5 mM potassium hexacyanoferrate trihydrate
and 0.5 mM potassium ferricyanide) in 0.1 M KCI. Fixed scan was used with AC potential
of 0.2 V, equilibration time of 3 s, and frequency range of 0.015 Hz to 105 Hz with 9.2

points per frequency decade.

Surface Composition Measurements

X-ray photoelectron spectroscopy (XPS) was performed on a Physical Electronics
X-ray Photoelectron Spectrometer with a monochromated Al anode producing Al Ka X-
rays and 2.0 x 0.8 mm aperture and 20 pA electron neutralizer. Survey spectra were
collected for 10 min from 10 to 1100 eV. High-resolution spectra for C1s (not shown), O1s
(not shown), N1s (not shown), and Fe2p (available in SI) were collected until a signal-to-
noise ratio of 200 (for Ci1s) or 400 was reached or until 45 min collection time elapsed.

The resulting spectra were processed and analyzed via CasaXPS software.

4.4 Results and Discussion

Initial testing was conducted to determine the electrochemical behavior of the
mixed layers with and without the ferrocene functionality bound to the surface via Ns-
PEG3-N3. Figure 4.2 shows the representative cyclic voltammograms at 20 mV/s scan
rate in either 1 mM ferricyanide in 0.1 M KCl or background electrolyte (0.1 M KCl).

Notably, the signal is approximately 4x and 2x higher when ethynyl ferrocene is bound to
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the surface as N3-PEG3-Fc in N3-PEG11-biotin and N3-PEG24-biotin mixed layers,
respectively. This is comparable to more complex demonstrations of ferrocene-based
signal enhancement in immunosensors.24 25 The peak current remains lower than the
bare electrode in ferricyanide due to the presence of the modification layer. It was
confirmed that the majority of the signal seen was indeed from aiding ferricyanide
electron transfer rather than from the surface bound ferrocene, as very little signal on
ferrocene modified TPEs in background electrolyte solution is seen. Signal rectification is
also suspected due to the non-reversibility of the iron compounds after electrode
modification.26 Further, the length PEG spacer does not appear to impact the average
peak current as they are not statistically unique (p-value = 0.942). At approximately 0.3
nm per monomer, N3-PEG3-N3 is approximately 0.9 nm, ignoring the additional length
of the terminal azides.2” 28 The lengths of N3-PEG11-biotin and N3-PEG24-biotin are

approximately 3.3 nm and 7.2 nm, respectively, again, ignoring the terminal groups of

azide and biotin.
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Figure 4.2. Representative CVs (versus SCE) in 1 mM Fe(CN)e3-in 0.1 M KCI with and
without ferrocene bound to the surface with a (A) N3-PEG11-biotin or (B) N3-PEG24-
biotin mixed layer. (C) Average peak currents (n=3) show a clear increase in signal and
consistency when ferrocene is surface bound within the modification layer.
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Surface composition was verified with XPS to confirm the presence of ferrocene
and compare relative amounts of ferrocene between monolayers with both lengths of N-
PEGn-biotin. The survey spectra (Appendix B, Figure B.1 and B.2) were used to
calculate the relative abundance of iron with respect to carbon (Ire/Ic) shown in Figure
4.3. Fe2p high resolution XPS spectra are also available in Appendix B, Figure B.3.
Overall, there is a clear increase in Ire/Ic on electrodes that were functionalized with
surface bound ferrocene. The comparison of the bare TPE to any of the ferrocene-bound
TPEs is similar to previously reported spectra for homogeneous N3-PEG3-Fc
monolayers.2! TPEs modified with ferrocene had a percent abundance of 5-10% of iron
while those without ferrocene were less than 3% in all ratios. Any nonzero measures of
iron in the negative controls can be attributed to possible contaminants in the graphite
used to fabricate the TPEs.29 The relative abundance of iron remained fairly constant
across low (1:10), equivalent (1:1), and high (10:1) molar ratios of N3-PEG3-N3 to Ns-
PEGn-biotin. Thus, it is hypothesized that the resulting TPE surface modifications are

relatively consistent regardless of the concentration of click reagents used.
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Figure 4.3. Relative abundance of iron to carbon ratio (Ife/IC) for low, equivalent, and
high molar ratios of N3-PEG3-N3 to N3-PEGn-biotin with and without surface bound
ferrocene as determined via XPS.

Electron transfer kinetics were explored by varying the scan rate of CV. Figure
4.4 shows representative CVs at scan rates from 5 mV/s to 500 mV/s in 1 mM
ferricyanide. In the modified TPEs without ferrocene, the peak currents are lower than
that of the modified TPEs with ferrocene. There does not appear to be a significant
difference in the electrode performance as a function of the N3-PEGn-biotin length used,
thus, roughly doubling the spacer length from 3.3 nm to 7.2 nm is not a significant
hindrance to electron transfer when ferrocene is surface bound.2” 28 The average peak
currents for ferrocene modified TPEs were not linear with respect to the scan rate or the
square root of the scan rate indicating that the electron transfer is a combination of
surface bound and diffuse redox probes. Equations and corresponding R2 values are
provided in Table B.1 with poor linear fits for modified electrodes, likely due to the dual

contributions to electron transfer of the surface bound ferrocene and ferricyanide in
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solution. It is known that relatively short ferrocene terminated PEG (MW = 250 Da)
exhibits surface confined behavior.3° Thus, it is not surprising that the same is evident
here with the non-linearity with the square root of the scan rate. On the other hand, it is
clear that ferricyanide electron transfer is diffusion dependent. Again, signal rectification

is clear with the lack of reduction on the modified TPEs.
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Figure 4.4. Representative CVs at varying scan rate from 5 mV/s to 500 mV/s in 1 mM
Fe(CN)s3-in 0.1 M KClI on (A) N3-PEG11-biotin and (B) N3-PEG24-biotin mixed
monolayers (i) with and (ii) without surface bound ferrocene. (C) Bare electrode CVs
have significantly higher current and reversibility. (D) Randles-Sevcik plots (peak
current vs. square root of scan rate) for bare electrode and surface bound ferrocene with
N3-PEG11-biotin and N3-PEG24-biotin mixed monolayers.

The organization of the monolayer was further examined by electrochemical
impedance spectroscopy (EIS). Again, there is not a clear difference between N3-PEG11-
biotin and N3-PEG24-biotin layers (Figure 4.5). However, it is clear that in the absence

of surface bound ferrocene, the Nyquist plot shows a complex layer of two thicknesses.

One thickness is the height of the N3-PEG3-N3 groups while the second thickness is that
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of N3-PEG11-biotin or N3-PEG24-biotin. On the other hand, in the presence of surface
bound ferrocene, the Nyquist plot shows a lower resistance to charge transfer (Ret). The
corresponding equivalent circuits are shown in Figure 4.5B with the average Rct values
(n = 6) from R2 in each circuit type. Examples of the fit to the equivalent circuits are
shown in Appendix B, Figure B.4. It is true the circuits are a simplification of complex
surfaces, but they are reasonable based on the fit, as well as a strong literature
precedent.2s 31 32 Remarkably, the resistance to charge transfer is reduced by over 200-
fold when ferrocene is bound to the TPE surface. The stark difference in Ret is further
support of the role of surface bound ferrocene to aid electron transport within the TPE

modification layer.
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Figure 4.5. (A) Representative Nyquist plots taken in 1 mM Fe(CN)e3-/4-in 0.1 M KCl
with a TPE pseudo-reference. (B) Equivalent circuits for with and without ferrocene
and Rct (R2) values (n = 6). Break in the y-axis is for clarity.

The motive for these TPE modifications is to develop a label-free immunosensor.
Thus, the peak current was measured after incubation of modified electrodes in either

phosphate-buffered saline (PBS) or 5 ug/mL of streptavidinated IgG antibody (strep-Ab)

in PBS. The electrodes with strep-Ab showed a clear decrease in peak current (Figure
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4.6) measured by cyclic voltammetry for both N3-PEG11-biotin and N3-PEG24-biotin
electrodes as expected.33 34 Again, there is not an appreciable difference between the
PEG11 and PEG24 spacer lengths indicating that the antibody surface density is likely not
dependent on the spacer length here. The use of PEG spacers also provides an exciting
potential for dual functionality as PEG has been used as a blocker to prevent nonspecific
adsorption.3538 It is hypothesized that the PEG spacers in this TPE modification protocol

will provide the added blocking benefit for immunosensing applications.
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Figure 4.6. (A) Representative CVs in 1 mM Fe(CN)e3-in 0.1 M KCl at 20 mV/s for
PEG11 and PEG24 spacers with and without streptavidin-conjugated antibody. (B)
Average peak currents (n = 3) showing decrease when strep-Ab is immobilized on the
TPE.

As a proof-of-concept, modified electrodes were exposed to 5% bovine serum
albumin (BSA) in PBS for 1 hr. The peak currents before and after BSA adsorption are
shown in Figure 4.7 and representative CVs are available in Figure B.5. The N;-PEG11-
biotin containing monolayer is the most resistant to signal change from BSA adsorption

to the electrode with a 45% decrease in signal. The N3-PEG3-Fc control and the N3-

PEG24-biotin heterogeneous monolayer electrodes seen decreases in peak current by
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82% and 67%, respectively. These results are encouraging as 5% BSA solution is an
extreme sample matrix model for nonspecific adsorption. Ignoring cellular debris and
other sources of nonspecific adsorption, typical samples for point-of-care diagnostics
(blood, urine, and saliva) each have less than 0.02% protein content.39 Of course, more
detailed investigation is needed to understand the efficacy of the blocking ability of the
PEG spacers. Little blocking with PEG3 as the only spacer length, thus the length of the
spacer should also be further optimized. Previously, it was shown that the length of the
PEG chain is less impactful than the surface density of the PEG spacers.4: 41 A balance
should be met between the PEG spacer length and the surface density to provide the

optimal immunosensor parameters.
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Figure 4.7. Average peak currents (n = 3) before and after exposure to 5% BSA
solution for TPEs modified with N3-PEG3-Fc only and heterogenous monolayers with
either N3-PEG11-biotin or N3-PEG24-biotin.

A fully assembled immunosensor with anti-N protein IgG antibodies was then

tested with inactivated SARS-CoV-2 virus in buffer as a proof-of-concept. Figure 4.8
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shows the resulting square wave voltammograms and calibration curve for the peak
current as a function of concentration of inactivated virus. There is a clear correlation
between the concentration of inactivated virus and the peak current in 1 mM ferricyanide
(in 0.1 M KCIl). For this initial testing, 1% BSA was applied as the blocker to prevent
nonspecific adsorption of components in the sample matrix. The limit of detection (LOD)
can be estimated by 3x the standard deviation of the intercept of the line of best fit.42 The
LOD is slightly better for the N3-PEG24-biotin TPEs at 6.0 PFU/mL, compared to 8.4
PFU/mL for N3-PEG11-biotin TPEs. Both of these values are comparable to or lower than
many existing electrochemical sensors for SARS-CoV-2.34 43, 44 Additionally, many
commercially available diagnostic tests for SARS-CoV-2 have an LOD of approximately
250 PFU/mL.45 The results here are certainly encouraging, however, more testing is
needed to more fully optimized sensor performance and determine the full linear range.
For example, it appears that there is not a significant difference between the LOD and
sensitivity for N3-PEG11-biotin versus N3-PEG24-biotin based TPEs, however shorter or
longer PEG spacers may perform better. The blocker for preventing nonspecific
adsorption and anti-N protein IgG antibody concentrations and incubation times should

also be optimized.
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Figure 4.8. Representative square wave voltammograms for (A) N3-PEG11-biotin and
(B) N3-PEG24-biotin TPE immunosensors for the SARS-CoV-2 nucleocapsid protein
tested in varying concentrations of inactivated virus in buffer. (C) The resulting
calibration curves show good linearity and similar performance between both PEG

4.5 Conclusion

spacer lengths.

Here we present the characterization of a heterogeneous monolayer modification

on TPEs for immunosensing applications. The monolayer is the result of using click

chemistry to add mixture of N3-PEG3-N3 and N3-PEGn-biotin, which is subsequently

modified with ethynyl ferrocene to aid in electron transfer through the modification layer,

to a diazonium grafter TPE. We show the increase in electron transfer of ferricyanide with

the electrode surface in the presence of surface bound ferrocene and confirm the surface

composition with XPS. There was no appreciable difference between the two N3-PEGn-

biotin lengths tested (n=11 and n=24) except when blocking against nonspecific

adsorption was tested. Layers with N3-PEG11-biotin showed more resistance to

nonspecific adsorption which is hypothesized to be the result of higher surface density of
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the PEG spacer. Both N3-PEG11-biotin and N3-PEG24-biotin successfully detected less
SARS-CoV-2 N protein with LODs below 10 PFU/mL. Further studies and optimization

is needed following this proof-of-concept work.
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CHAPTER 5 — Conclusions and Future Directions

5.1 Conclusions

Improvements to current label-free electrochemical immunosensors are needed to
reduce costs and increase stability, while expanding the dynamic ranges and limits of
detection. The work in this dissertation seeks to fill this gap by developing a label-free
immunosensor platform using thermoplastic electrodes (TPEs) modified with aryl
diazonium grafting followed by click chemistry. The initial attempts to immobilize
antibodies on TPEs was examined, only to find that traditional techniques such as
EDC/NHS crosslinking are unsuitable. This revealed the need to apply a new modification
technique for antibody immobilization on TPEs.

The remainder of the dissertation presented an alternative technique for antibody
immobilization involving a three step modification including: aryl diazonium grafting,
click chemistry, and biotin-streptavidin conjugation.* The utility of the new approach is
in its wide versatility with the ability to easily change antibodies, PEG spacer lengths or
other components. This was demonstrated with the modification of TPEs with
heterogeneous monolayers of mixtures of N3-PEG3-N3 with N3-PEGn-biotin which
allowed a second click reaction to bind ethynyl ferrocene to the surface. This allowed for
an increase in electron transfer with ferricyanide, limited blocking of nonspecific
adsorption, while providing stable and consistent antibody immobilization for detection
of SARS-CoV-2 nucleocapsid protein (N protein). The ability to produce multifunctional
modifications on the electrodes with few steps is a significant advantage over alternatives
where each function (blocking, signal enhancement, and antibody attachment) requires

individual modification steps. Overall, the potential applications of TPEs in biosensing
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has been greatly expanded by this work providing an option for a durable, yet inexpensive,
carbon electrode immunosensor.

As for broader impacts, the research in this dissertation provides the basis for a
new label-free immunosensor technologies that can provide better options for point-of-
care (POC) and point-of-need (PON) diagnostics. As previously mentioned, most
commercial SARS-CoV-2 sensors achieve limits of detection (LODs) of approximately 250
PFU/mL.2 While this is a good screening tool and accepted by the World Health
Organization standards, more sensitive detection is needed to confirm infection.3 Instead
of waiting hours or even days for RT-PCR confirmation of COVID-19 infection, patients
could get sensitive and accurate results within minutes, reducing the burden on the
healthcare system while getting high risk patients the treatment they need sooner.

Detecting SARS-CoV-2 N protein is just the beginning for potential analytes
compatible with the techniques developed in this work given the ability to swap antibodies
easily. Additionally, the work focuses on TPEs due to their advantages over other types of
carbon electrodes, however the mild conditions of the surface functionalizations in this
work are hypothesized to be applicable to any desired carbon electrode, given
compatibility in water and ethanol solutions. The impact of the methods and results
presented in this dissertation is expected to be broad due to the versatility and

adaptability of the approach.

5.2 Future Directions
The potential for expanding this body of work is immense. The natural course is to
first continue optimization of the SARS-CoV-2 N protein detection presented in Chapter

4. The optimization of the N protein sensor would serve as a model for subsequent
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immunosensors targeting other analytes given the versatility of the antibody attachment
technique. As mentioned, antibody and blocker type, concentration and incubation times
should be optimized to determine the best performance. Nonspecific binding is one of the
largest impacts on label-free sensor performance, as such, determining the best blocker
conditions should be a priority.4 Ideally, the blocking can be done with the PEG spacers
built into the TPE modifications. Different surface concentrations and lengths of Nj-
PEGn-biotin should be tested to determine the most beneficial for blocking nonspecific
adsorption while maintaining high sensitivity. However, in the event that an extra
blocking component is still required, potential alternatives to bovine serum albumin
(BSA) are aged casein and superblock, both of which have shown success in
electrochemical immunosensors.4 5 Once the performance of the sensor, in terms of
sensitivity, dynamic range, and LOD, is optimized, testing should include multiple
variants and clinical samples to further support the success of the sensor.

Ideally, the sensor platform developed here will be implemented into a system that
can be used at the point-of-need or point-of-care to be of most use to the public. The
optimized N protein sensor on TPEs could be integrated with microfluidic devices to aid
in sample delivery to the electrode. The Henry group has recently published sandwich-
type electrochemical immunosensor for the detection of N protein with an LOD of 45
PFU/mL.% The existing system uses screen printed carbon electrodes (SPCEs) and the
swap to TPEs with the antibody immobilization and surface modifications in this work
can improve the sensitivity and LOD while also increasing the durability.

Exciting options for further expansion of the click chemistry modifications brings
about the potential to multiplex detection and detect different target antigens. The

methods in this dissertation rely on streptavidin conjugated to the antibody of choice
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meaning that swapping the antibody for a different antigen should not impact the
function of the sensor other than the specific target. Figure 5.1 illustrates a potential
device where there are three working electrodes, each modified with a different antibody,
for the detection of three different antigens. For example, influenza, SARS-CoV-2, and
respiratory syncytial virus (RSV) are all respiratory viruses with similar symptoms that
tend to circulate the population at the same time of year.” It can be helpful to healthcare
professionals and patients to be able to diagnose the illness early to provide the patient
with the proper treatment immediately. In the proposed device, the user would provide a
nasal swab sample and swirl in a lysing buffer to deactivate the viruses present and expose
the antigens for capture on the electrodes. Further, recent advances in potentiostat
technology has provided much easier means of obtaining electrochemical measurements

using a smart phone to give a readout of test results.8-1°

Current (MA)

Potential (V)

* Flu

== Sample inlet

v COVID-19

* RSV

Figure 5.1. [llustration of potential applications of TPE immunosensors in a
multiplexed device for simultaneous detection of three respiratory viruses in a user
friendly format. (RE = reference electrode, WE = working electrode, CE = counter
electrode).
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While TPEs are more durable and have higher electrochemical performance than
stencil- and screen-printed carbon electrodes (SPCEs), SPCEs remain easier to
manufacture and are commercially available.'*. 12 This trade-off provides an exciting
option for developing improved SPCE-based immunosensors that are more easily
integrated with microfluidics to get devices in the hands of healthcare professionals and
patients more quickly. Diazonium grafting and click chemistry have been shown to be
successful on SPCEs, though they have not been used sequentially to created
heterogeneous, multifunctional, monolayers as done in this work.13-16

Another avenue of expansion on this work is in the biorecognition element used.
Antibodies are convenient due to their wide availability and high specificity, however,
nanobodies and aptamers are two alternatives that have shown great advantages.”
Nanobodies are small fragments of antibodies that have higher stability and increased
affinity over traditional antibodies.® Nanobodies are a relatively new area, yet a few
examples of electrochemical sensors have been developed using nanobodies as the
biorecognition element successfully.19- 20 Aptamers, nucleotide strands that selectively
bind target molecules, have seen an increase in popularity over the last decade due to their
high stability and ease of synthesizing.2% 22 Many researchers have turned to aptamers for
electrochemical sensors, including using click chemistry to attach the aptamers to the
electrode surface due to the ease of synthesizing azide-terminated aptamers.4- 2325 Both
nanobodies and aptamers are exciting options for expanding the immunosensor
fabrication methods developed in this dissertation.

In conclusion, the outlined research lays a strong foundation for potential
breakthroughs in the field of electrochemical immunosensors. First, optimization of the

N protein sensor paves the way for an immunosensor fabrication process with broad
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analyte applications. Second, the prospect of integrating the sensor into a user-friendly
POC device, with the possibility of multiplexed detection for various respiratory viruses,
holds significant promise for advancing public health initiatives. Finally, the exploration
of alternative carbon electrodes (i.e. SPCEs) and biorecognition elements (i.e. nanobodies

and aptamers) presents exciting avenues for future research and development.
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APPENDIX A — Supporting Information for Chapter 3: Surface
Modification of Thermoplastic Electrodes for Biosensing Applications via
Copper-Catalyzed Click Chemistry

Table of Contents

Figure A.1. Representative CVs in 0.1 M KCl from the optimization of CuSO4 (A), N3-
PEG3-N3 (B), and ascorbic acid (C) using the ethynyl ferrocene clicked to the surface as
the redox probe. Surface coverage was calculated by taking the area under the oxidation
peak as the current density. * Indicates the condition that was used for the remainder of

the work. Potential is versus carbon pseudo reference.

Figure A.2. Representative CVs in 0.1 M KCl for the optimization of the wash step

following click chemistry reaction on TPE. Potential is versus carbon pseudo reference.

Figure A.3. Full survey spectrum using XPS to examine surface composition of the bare

electrode. The oxygen to carbon content (Io/Ic) was determined to be 0.209.

Figure A.4. Representative CVs in (A) 1 mM Fe(CN)e3/4-or (C) 1 mM Fe(MeOH): in 0.1
M KClI electrolyte solution as a function of scan rate. Potential is with respect to a TPE
pseudo-reference. Randles-Sevcik plots of anodic and cathodic peak currents in (B)
Fe(CN)63/4- and (D) Fc(MeOH)- with linear fits. Error bars represent the standard

deviation in n=3 electrodes.

Figure A.5. Representative CVs from the electrografting of 0.5 mM of 4-
ethynylbenzenediamine (produced in situ) onto the surface of the thermoplastic
electrodes (TPEs). These curves are comparable to those previously reported in the

literature.'3 Potential is versus carbon pseudo reference.
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Figure A.6. Representative CVs in 1 mM Fc(MeOH)- or 1 mM Fe(CN)e3/4- with varying
concentration of diazonium solution (4-TMS-ethynylaniline with excess NaNO: in 0.1 M

HCI). Potential is versus carbon pseudo reference.

Figure A.7. Representative CVs for diazonium grafted electrodes in (A) 1 mM Fe(CN)e3-
/4-or (B) 1 mM Fe(MeOH)- in 0.1 M KCI electrolyte solution as a function of scan rate.
Randles-Sevcik plots of anodic and cathodic peak currents in (C) Fc(MeOH)- with linear
fits. Error bars represent the standard deviation in n=3 electrodes. Potential is versus

carbon pseudo reference.

Figure A.8. Representative CVs in (A) 1 mM Fe(MeOH): or (B) 1 mM Fe(CN)e3-/4- to
monitor the effectiveness of deprotection protocol for removal of the TMS protecting

group prior to click chemistry reaction. Potential is versus carbon pseudo-reference.

Figure A.9. Representative CVs in 10 mM Fe(CN)e3/4- with a scan rate of 80 mV/s of
biotin, biotin-streptavidin, and biotin-streptavidinated antibody modified electrodes

compared to previous modification steps and bare electrode.

Figure A.10. Representative CVs of biotin clicked electrodes in (A) 1 mM Fe(CN)e3-/4
or (B) 1 mM Fc¢(MeOH): in 0.1 M KCI electrolyte solution as a function of scan rate.
Randles-Sevcik plots of anodic and cathodic peak currents in (C) Fe(MeOH)- with linear
fits. Error bars represent the standard deviation in n=3 electrodes. Potential is versus

carbon pseudo reference.

Table A.1. Percent error values for the Ret calculated from equivalent circuit fitting.

References
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Figure A.1. Representative CVs in 0.1 M KCl from the optimization of CuSO4(A), N3-
PEG3-N3 (B), and ascorbic acid (C) using the ethynyl ferrocene clicked to the surface as
the redox probe. Surface coverage was calculated by taking the area under the oxidation
peak as the current density. * Indicates the condition that was used for the remainder of

the work. Potential is versus carbon pseudo reference.

105



15

0.1 M KCI
10
—_—
]
e
-
9 .
e
-
O
= Before Wash
-5 - EDTA Rinse + H 2O Rinse
—EDTA Soak + H 20 Rinse
H.,O Rinse
_1 0 L | 2
-0.2 0 0.2 0.4

Potential (V)

Figure A.2. Representative CVs in 0.1 M KCl for the optimization of the wash step
following click chemistry reaction on TPE. Potential is versus carbon pseudo reference.
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Figure A.3. Full survey spectrum using XPS to examine surface composition of the
bare electrode. Peak fits are shown for C1s (blue) and O1s (pink) peaks. The oxygen to
carbon content (Io/Ic) was determined to be 0.067.
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Figure A.4. Representative CVs in (A) 1 mM Fe(CN)g3/4-or (C) 1 mM Fc(MeOH): in
0.1 M KCl electrolyte solution as a function of scan rate. Potential is with respect to a
TPE pseudo-reference. Randles-Sevcik plots of anodic and cathodic peak currents in (B)
Fe(CN)63/4-and (D) Fe(MeOH)- with linear fits. Error bars represent the standard
deviation in n=3 electrodes.
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Figure A.5. Representative CVs from the electrografting of 0.5 mM of 4-
ethynylbenzenediamine (produced in situ) onto the surface of the thermoplastic
electrodes (TPEs). These curves are comparable to those previously reported in the
literature.r3 Potential is versus carbon pseudo reference.
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Figure A.6. Representative CVs in 1 mM Fe(MeOH)- or 1 mM Fe(CN)e3-/4- with varying
concentration of diazonium solution (4-TMS-ethynylaniline with excess NaNO: in 0.1 M
HCI). Potential is versus carbon pseudo reference.
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Figure A.7. Representative CVs for diazonium grafted electrodes in (A) 1 mM
Fe(CN)e63/4-or (B) 1 mM Fc(MeOH): in 0.1 M KCl electrolyte solution as a function of
scan rate. Randles-Sevcik plots of anodic and cathodic peak currents in (C) Fe(MeOH)-
with linear fits. Error bars represent the standard deviation in n=3 electrodes. Potential
is versus carbon pseudo reference.
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Figure A.8. Representative CVs in (A) 1 mM Fc(MeOH): or (B) 1 mM Fe(CN)e3-/4- to
monitor the effectiveness of deprotection protocol for removal of the TMS protecting
group prior to click chemistry reaction. Potential is versus carbon pseudo-reference.
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Figure A.9. Representative CVs in 10 mM Fe(CN)es3-/4- in 0.1 M KCI with a scan rate of
80 mV/s of biotin, biotin-streptavidin, and biotin-streptavidinated antibody modified
electrodes compared to previous modification steps and bare electrode.
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Figure A.10. Representative CVs of biotin clicked electrodes in (A) 1 mM Fe(CN)e3-/4-
or (B) 1 mM Fc(MeOH): in 0.1 M KClI electrolyte solution as a function of scan rate.
Randles-Sevcik plots of anodic and cathodic peak currents in (C) Fc(MeOH). with
linear fits. Error bars represent the standard deviation in n=3 electrodes. Potential is
versus carbon pseudo reference.

Table A.1. Percent error values for the Ret calculated from equivalent circuit fitting.

Average % Error of Fit
(n=3)
Biotin 2.8 £ 1.0%
Biotin+PBS 3.2+ 0.1%
Biotin+Strep 2.2 +£ 0.4%
Biotin+StrepAb 2.7+ 0.6%
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Heterogeneous Polyethylene Glycol Monolayers with Surface-Bound
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Figure B.1. XPS survey spectra for high (top), equivalent (middle) and low (bottom)
molar ratios of N3-PEG3-N3; to N3-PEG11-biotin with (blue) and without (black) surface
bound ferrocene. Relative percent abundances are shown in the inset tables.

Figure B.2. XPS survey spectra for high (top), equivalent (middle) and low (bottom)
molar ratios of N3-PEG3-Nj3 to N3-PEG24-biotin with (blue) and without (black) surface
bound ferrocene. Relative percent abundances are shown in the inset tables.

Figure B.3. Fe2p high resolution XPS spectra for low, equivalent, and high molar ratios
of N3-PEG3-Nj3 to N3-PEGn-biotin with and without surface bound ferrocene. Bare TPE
Fe2p high resolution spectrum is shown at the top for comparison to modified TPEs.
Table B.1. Curve fitting for peak currents as a function of scan rate and square root of
scan rate.

Figure B.4. Equivalent circuits and fits for representative Nyquist plots for (A) without

ferrocene and (B) with ferrocene bound to the TPE surface.
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Figure B.1. XPS survey spectra for high (top), equivalent (middle) and low (bottom)
molar ratios of N3-PEG3-Nj3 to N3-PEG11-biotin with (blue) and without (black) surface
bound ferrocene. Relative percent abundances are shown in the inset tables.
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Figure B.2. XPS survey spectra for high (top), equivalent (middle) and low (bottom)
molar ratios of N3-PEG3-Nj3 to N3-PEG24-biotin with (blue) and without (black) surface
bound ferrocene. Relative percent abundances are shown in the inset tables.
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Figure B.3. Fe2p high resolution XPS spectra for low, equivalent, and high molar
ratios of N3-PEG3-N3 to N3-PEGn-biotin with and without surface bound ferrocene.
Bare TPE Fe2p high resolution spectrum is shown at the top for comparison to modified
TPEs.
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Table B.1. Curve fitting for peak currents as a function of scan rate and square root of

scan rate.
Electrode Peak Current (pA) vs. Peak Current (nA) vs.
Modification Type Scan Rate (mV/s) VScan Rate (v(mV/s))
Bare TPE Yy = 0.080(+ 0.029)x Yy = 1.58(+ 0.05)x
R2 = 0.667 R2 = 0.997
N3-PEG11-Biotin Yy = 0.018 (+ 0.014)x Yy = 0.38(+ 0.15)x
R2=-3.00 R2=-0.346
N3-PEG24-Biotin Y = 0.017(+ 0.013)x Yy = 0.37(x 0.13)x
R2=-2.09 R2 =0.0796
A40 N;-PEG3-N, . - Equivalent circuft fit BBO -N3'PEG=3'FC - Equivalent it fit
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Figure B.4. Equivalent circuits and fits for representative Nyquist plots for (A) without
ferrocene and (B) with ferrocene bound to the TPE surface.
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APPENDIX C — tH-NMR Profiling of Short-Chain Fatty Acid Content from
a Physiologically Accurate Gut-on-a-Chip Device

C.1 Overview

The following work was published in Analytical Chemistry during the first two
years of my PhD work and was my preliminary exam area of focus.! It is on an unrelated
project to the rest of the dissertation and was completed in collaboration with Dr. Luke
A. Schwerdtfeger and Dr. Stuart A. Tobet for tissue maintenance and manipulation and
Alec Richardson, who designed the microfluidic device and helped with sample collection.
I completed all tH-NMR experiments and data analysis after initial training by Dr. Chris
Rithner and Dr. Claudia Boot of the Materials and Molecular Analysis Center at the CSU
Analytical Resources Core.

It has been shown that short-chain fatty acids (SCFAs) produced by the gut
microbiome are of importance to host tissue health; however, measuring such compounds
in biological samples is often limited to using hours to days old fecal and blood plasma
samples. Organ-on-a-chip models have been created to simplify the complexity but
struggle to reproduce the full biology of the gut specifically. We recently reported a tissue-
in-a-chip gut model that incorporates gut explanted tissue into a microfluidic device. The
system maintains a biologically relevant oxygen gradient and tissue ex vivo for days at a
time, but minimal characterization of biological activity was reported. Herein, we use *H-
NMR to analyze the SCFA content of tissue media effluents from gut explants cultured in
the recently developed microfluidic organotypic device (MOD). tH-NMR can identify key
SCFAs in the complex samples with minimal sample preparation. Our findings show that
maintaining physiologically relevant oxygen conditions, something often missing from

many other culture systems, significantly impacts the SCFA profile. Additionally, we
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noted the changes in SCFAs with culture time and potential variability between SCFA
levels in male and female mouse tissue explants cultured in the MOD system based on *H-

NMR spectral profiles.

C.2 Introduction

Short-chain fatty acids (SCFAs), defined here as carboxylic acids with 1-6 aliphatic
carbons, are by-products of anaerobic metabolism by the gut microbiome. Collectively,
they have become increasingly correlated with various human health conditions.1 Among
the wide ranging impacts are correlations to depression, colon cancer, and type 2
diabetes.25 The three most prevalent SCFAs, acetate, butyrate, and propionate, constitute
upwards of 90% of the total SCFA content in the human body which is in the range of 100
— 200 mM.58 Abnormally high levels of propionate in fecal samples are linked to higher
risk of type 2 diabetes while increased fecal butyrate levels were shown to aid insulin
production, thus reducing risk of type 2 diabetes.4 Both propionate and butyrate have
been correlated to a number of other conditions including ulcerative colitis,9 and
decreased butyrate producing gut microbes have been noted in Parkinson’s disease!© and
in multiple sclerosis patients.!

Much of what we know about SCFAs correlation to human diseases comes from
studies of fecal samples and mechanistic studies are difficult to perform. Alternative
approaches for generating biologically analyzable samples include human gut via in vitro
cultures or animal studies, principally murine in vitro culture techniques, which can allow
for measurement of the total SCFA content across the gut wall and feces rather than just
the approximately 5% in fecal samples.4 One in vitro device focused on the impact of

oxygen conditions on the microbiome with engineered tissue (using Caco-2 cells co-
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cultured with selected gastrointestinal bacteria) used GC-MS to compare the subsequent
impact of oxygen culture condition on metabolites.’2 The device was also used to show
impacts of pre- and probiotic supplementation on gut microbial metabolism including
SCFAs.13 However, in vitro studies of the gut have pitfalls centered around the inability to
recapitulate the broad cellular diversity and complex 3D tissue structure of the in vivo gut
wall.4

Addressing this issue brought about the development of gut-on-a-chip devices
which aim to recreate in vivo conditions in a controlled environment.5- 1 One such device
uses cultured human Caco-2 intestinal epithelial cells in a PDMS chip that can mimic the
peristaltic movement of the gut.l7 Other work aims to replicate the natural microbiome,
cellular diversity with cultured tissues, and the natural oxygen gradient across the
tissue.18-21 A notable advancement in the development of gut-on-a-chip devices is the use
of ex vivo culture of intestinal tissue which are attractive due to the total preservation of
cellular diversity and structure, with an intact microbiome.!6. 22 The work presented here
is based on the recently developed ex vivo system, the Microfluidic Organotypic Device
(MOD).23

Current methods for SCFA analysis primarily involve collecting fecal or blood
samples either from humans or model organisms which are then filtered and the SCFAs
derivatized before analysis via gas chromatography.24. 25 Liquid chromatography-mass
spectrometry has been used for analyzing metabolite profiles from human colon tissue
culture supernatants2¢ and fecal samples2” tH-NMR. Metabolite profiles produced from
1H-NMR of fecal and blood samples have also been used to analyze SCFA levels.25 28, 29
Each of these techniques of analysis has benefits, however *H-NMR is particularly

attractive due to no need for extensive sample prep, a shortened instrumentation time,
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and highly reproducible results over GC-MS.30 Mass spectrometry based methods may
also be limited in their universality. Each SCFA may not react with the derivatizing agent
required for GC-MS or LC-MS in the same manner and different SCFA derivatives may
have varying degrees of chromatographic resolution or fragmentation.3* 32 Each of these
factors impact the degree to which each respective SCFA can be quantified. Despite
decreased sensitivity compared to GC-MS or LC-MS methods, *H-NMR is highly
quantitative and is sufficient for many biological samples, including SCFA analysis and
has been used in metabolomics for over thirty years.30: 3334 Particularly attractive are the
many options for biological samples using 'H-NMR. High-resolution magic-angle-
spinning 'H-NMR spectroscopy (HR-MAS NMR) is great for whole intact tissue analysis,
for example.35

Here tH-NMR is used to investigate SCFA production in MOD cultured ex vivo
samples as a function of oxygen concentrations as a further demonstration of the value of
the platform for studying gut tissue under physiologically relevant conditions. The use of
'H-NMR over gas or liquid chromatography allows for more rapid screening with minimal
sample preparation. H-NMR has been used previously for fecal samples and other
biological fluids to provide profiles for SCFA analysis.36-38 In this work, the sample
profiles are the basis for proof-of-concept for the detection of SCFAs in tissue media
collected from gut tissue explants cultured in the MOD. This work further supports the
importance of accounting for native tissue oxygen levels when generating tissue cultures
while outlining the feasibility of using the MOD culture system for determination of SCFA

levels in the gut with spatial and temporal resolution.
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C.3 Materials and Methods
Tissue and MOD set-up.

Mouse colon explants were collected from 8-12 week old C57BL/6 mice and
maintained in MODs as previously described.23 Explants were maintained in media
composed of CTS Neurobasal-A Medium (Thermo Fisher Scientific, Waltham, MA, USA)
with 2% (v/v) B-27 Supplement (Thermo Fisher Scientific, Waltham, MA, USA), 5% (v/v)
HEPES buffer (Sigma Aldrich, St. Louis, MO) supplemented with 10 uM of the L-type
calcium ion channel blocker nicardipine (Sigma Aldrich, St. Louis, MO). Fractions of
media from both serosal and mucosal channels of the tissue were collected in ten-hour
increments from t = 0 to t = 50 hours and stored at -80°C until use. Ambient samples
were cultured in media at atmospheric O: levels (~ 100 mmHg) in both channels, while
gradient samples had ambient O- in the serosal channel and 3.0 + 0.38 mmHg O: in the
mucosal channel, lowered by the addition of 0.5 M sodium sulfite (Sigma Aldrich, St.

Louis, MO).

1tH-NMR analysis of tissue media fractions.

Samples were thawed at room temperature and then diluted with D-O (Cambridge
Isotope Laboratories, Andover, MA, USA) by adding 100 pL of D=0 to 900 pL of sample.
These were then kept on ice to reduce degradation of SCFAs prior to analysis. Instruments
used were the Bruker NEO400 with Prodigy ™ Broad Band Fluorine Observation (BBFO)
Probe and Bruker US400 with BBFO SMART Probe ™ (Bruker Scientific LLC, Billerica,
MA, USA) located in the Analytical Resources Core, Center for Materials and Molecular
Analysis at Colorado State University (Fort Collins, CO, USA). The Bruker NEO400 was

operating at 400.07 MHz and the Bruker Ascend 400 MHz was operating at 400.13 MHz.
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At 298.0 K probe temperature, the Carr-Purcell-Meiboom-Gill method3® with
presaturation was applied (cpmgprid, Bruker pulse program). The parameters of the
pulse sequence were 1.0 sec relaxation delay, 0.2 msec fixed echo delay, 90° pulse for 11.0
usec followed by 180° pulse for 22.0 usec, 128 scans, 4 dummy scans, 32K points, 15.6
ppm spectral sweep width, with acquisition time of 2.54 sec. There were L4 = 100 echos
and presaturation power was 7.2x10°5 W (B1 field amplitude was not changed from the
autoinput from the cpmgprid pulse program). For qualitative identification of SCFA
signals, samples of effluent from the device were spiked with 0.5 M of lactic acid (85%+
ACS Reagent, Sigma Aldrich, Saint Louis, MO, USA), acetic acid (glacial, Avantor
Performance Materials, Radnor, PA, USA), butyric acid (99%+, Fisher Scientific,
Pittsburgh, PA, USA), and propionic acid (99%-+, Fisher Scientific, Pittsburgh, PA, USA)
to yield a final concentration of 0.167 M of each acid per sample. These samples were then

diluted in D20 so that each SCFA was at 0.150 M just prior to analysis.

Data analysis.

MetaboAnalyst,4° Mestrenova, and MATLAB were used for data processing and
analysis. First, raw spectra were processed by Bruker Topspin using exponential window
multiplication of the FID with Lorentzian broadening factor of 0.30 Hz.. Mestrenova was
then used to perform a full auto polynomial (n=3) fit for baseline correction. Apodization
was 0.30 Hz, exponential with the first point set to 0.5. Linear prediction was done
backwards to 3 via Toeplitz algorithm and the group delay was set to linear phase shift.
Spectra were binned at 0.02 ppm intervals. Interquartile range data filtering was applied
to reduce the number of features for the MetaboAnalyst tool. Normalization of data was

performed via log transformation and Pareto scaling.
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C.4 Results and Discussion
Identification of chemical shifts of SCFAs in media

We first sought to determine if SCFAs could be resolved from components of the
cell culture media. The acidic protons of the carboxylic functional group were omitted
from analysis because they would be largely in the deprotonated state at physiological pH
in murine colon, thus not present in the H-NMR spectra. The chemical shifts and full
sample spectrum are available in Appendix D (Figure D.1 and Table D.1). Each spiked
sample was spiked with the acid form of each SCFA, which is expected to have an impact
on the observed chemical shift for SCFAs in sample solution. Slight variations in pH
should be minimal due to buffer present in the effluent samples, however it could alter
the chemical environment each proton is experiencing, in terms of electron densities.
SCFAs in real samples are expected to be shielded slightly more, thus lower chemical shift
than the acid spiked samples. Such shifts, however, are expected to be minimal in their
impact.

Further, comparing the expected chemical shifts to the actual sample shows the
real sample contains overlap of natural contaminants in the expected region for SCFAs,
demonstrating the complexity of the sample matrix. The primary suspects for the signals
in the region from 0 to 4 ppm are components of the media used for maintaining tissue
explants including amino acids, biotin, corticosterone, and linoleic acid to name a few.4%
42 For the work herein, SCFAs were the primary interest, and as such, the identities of
interfering compounds were not investigated.

Impact of O2 on SCFA spectral profile. Anaerobic metabolism of carbohydrates by
the gut microbiome is the primary source of SCFAs.3:43. 44 Based on the findings from an

in vitro study,? it is expected that the SCFA output will vary based on the differential
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populations of bacteria, particularly anaerobic species, without an O- gradient applied
across the tissue (both mucosal and serosal sides at atmospheric O-). For example, the
main producers of butyrate, the Firmicutes phylum, are expected to thrive in anaerobic
conditions over aerobic, resulting in differential butyrate production.45 The oxygen levels
in the MOD-housed tissue were controlled in such a way that the luminal (mucosal) side
of the gut tissue approached anaerobic while the serosal side of the tissue was kept at
ambient O levels resulting in a physiologically relevant O gradient across the tissue.
Figure C.1 shows representative mucosal tissue effluent spectral differences in the
region of interest, 0.50 to 2.50 ppm, as identified from the spiked neurobasal media.
Within this range, the SCFA signals are quite different based on the oxygen conditions
applied to the tissue, pointing towards an influence of oxygen culture condition on SCFA
levels. Based on the signals from butyrate and acetate, there are more of these compounds
being produced by the gut microbiome of the tissue maintained under an O- gradient. The
reverse trend is seen for propionate and lactate. The difference is indicative of different

bacteria thriving under the different condition.4¢
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Figure C.1. tH-NMR (400 MHz, D20 + H20) spectra show changes in relative
abundance of SCFAs present in mucosal tissue effluent with different oxygen conditions.
Spectra are offset by 0.05 ppm for clarity. Butyrate is particularly overlapped with
signals from components present in neurobasal medium with B-27 supplement.

The importance of oxygen in gut-on-a-chip models is further elucidated by cluster
analysis based on the full tH-NMR spectrum from each sample. Principle components 1
and 2 yielded from principle component analysis (PCA) make up a total of 32.8% of the
explained variance in the full spectra for both sides of the tissue under either no gradient
O: conditions or gradient O: (Figure C.2). Consideration of the 95% confidence region
further demonstrates the clear differences in the full tH-NMR spectra, with some
expected overlap. A closer look at the clusters shows it is clear that the MOD successfully
maintained the gut tissue barrier, preventing mixing of serosal and mucosal effluents
based on the clear variance between the tissue sides regardless of O condition. This is not
surprising based on our observations during sample collection, but it is a good verification

that we do not have leakage across the barrier. Second, the O2 gradient has a significant

impact on the mucosal effluent composition, as expected, with a slight impact on the
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serosal side of the tissue. The serosal sides of both oxygen conditions are assumed to be
exposed to the same, ambient, oxygen concentration, additionally, the serosal side is
expected to lack the large microbiome present on the mucosal side. The significant
variation in mucosal tissue effluent sample spectra supports the importance of
considering physiologically accurate oxygen conditions in gut-on-a-chip models. PCA is
an unsupervised method and can be less informative than a supervised method such as
partial least squares discriminant analysis (PLS-DA) when intragroup variability is
high.47.:48 PLS-DA of the same sample spectra in Figure C.2 is seen to demonstrate even
stronger classification of samples based on the tissue side and oxygen conditions
(Appendix D, Figure D.2). Due to the concern of overfitting when using PLS-DA, k-fold
cross validation was done (Appendix D, Figure D.3) where the samples were split into k
training and test sets to verify the accuracy of the analysis.48-50 Here, k-fold (k = 10) cross
validation shows Q2 > 0.29 and R2 > 0.65 where Rz is the correlation coefficient and Q2 is
the correlation coefficient when the PLS-DA model is applied to the test set. These values
support the validity of the PLS-DA results by supporting the ability of the model to predict

the correct class for a sample with low impact of overfitting.43. 5t
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Figure C.2. Principle component analysis (PCA) for the full tH-NMR spectra (n=5 for
all except O2 gradient — serosal, where n = 4) from mouse colon explant media effluents
demonstrates clear separation between the serosal and mucosal effluents as expected.
There is less overlap, thus larger variance, between no O- gradient and O- gradient when
considering the mucosal samples.

When considering just the region of interest of 0.50 — 2.50 ppm the clear
classification is not seen as easily by discriminant analysis, however unique groups are
visible in Figure C.3. The heat map shows the 20 most significant features within the
region of interest as determined by ANOVA for the average of each group. The average
values for mucosal samples for the O- gradient are largely opposite of the average spectral
profile for the samples from the mucosal side under no O- gradient. Features that are high
for the O- gradient spectra are low for the sample spectra under no O- gradient and vice
versa. This is suspected to be correlated to different bacteria, thus different SCFA
producers, surviving differentially under each condition.52 This behavior is first noted in
Figure C.1. Characterization of the bacterial species present would be needed to verify
this.
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Figure C.3. Heat map using Euclidian distance and Ward clustering algorithm showing
clear spectral differences among the 20 most significant features (by ANOVA) in the
spectral region of interest of the average of each sample group, n = 5.

Effluent fractions from the MOD. Fractions collected manually at ten-hour
increments showed the fluctuation in SCFA levels over time. Figure C.4 shows
representative variation in peak area for two peaks over time. The signal at § 2.05
corresponds to the singlet for acetate, the signal at 6 1.09 corresponds to the triplet for

propionate, and the signal at § 0.81 is a butyrate triplet (Appendix D, Table D.1). For the

propionate signal, the peak area trends downward for the first 20 hours and then appears
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relatively constant. Acetate increases slightly with no drastic changes and butyrate drops
sharply at around 20 hours and then fluctuates. It should be noted that the scale for
propionate is at 107 units while acetate and butyrate are at 106. The changes in the relative
amounts of each SCFA present are hypothesized to represent a decrease in bacterial
metabolism for the first 20 hours that the tissue is in the MOD before a steady state is
reached. Since peak area is directly proportional to the absolute concentration of each
compound we can use the change in peak area (normalized to an external standard) as a
measure of the change in concentration over time.35 Future iterations of this work will

seek to quantify these compounds for further elucidation of the gut tissue in the MOD.
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Figure C.4. Trends in SCFA levels over time in mucosal effluent from tissue under
physiologically accurate O gradient. Peak areas represent the propionate, acetate, and
butyrate signals at 6 1.09, § 2.05, and 6 0.81, respectively.

Sex-based variation in SCFA profiles. The tissue effluents collected from the MOD

were from a population of both male (n = 3) and female (n = 3) mice. When comparing
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the SCFA profile of the mucosal effluent of the two sexes, it is seen that there is a
distinction between the two (average spectra shown in Appendix D, Figure D.4). The
heat map shown in Figure C.5 is a breakdown of those differences within the SCFA
region of the tH-NMR spectra (0.5 to 2.5 ppm). Notable here is the nearly inverse nature
between male and female samples, signals that are high in female murine effluent are low
in male murine effluent and vice versa. Thus, the SCFA profiles of male and female mice
are unique from each other, however a larger sample size is needed to further support
this. It has been shown previously that sex-based differences in metabolism and
microbiome are present in rats fed supplemented diets.53 It was also verified that male
and female mice exhibit sex-based differences in the gut microbiome linked to the
influence of sex hormones.54+ 55 The same has been noted in humans.5¢ Overall, the
presence of such trend within the results here supports the use of the MOD system with
1H-NMR for the determination of SCFA profiles. It should be noted that these results
represent a preliminary result that would need to be verified with a larger population to

draw an accurate biological conclusion.
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Figure C.5. Heat map showing clear differences between male (n = 3) and female (n =
3) mucosal samples spectral region of interest (0.5 to 2.5 ppm).

C.5 Conclusions

Here is reported the proof of concept for the use of the MOD tissue on a chip culture
system with 1H-NMR for the analysis of SCFA profiles from gut tissue culture effluents.
Spectra showed the importance of considering the presence of a physiologically relevant
O2 gradient across the gut tissue. The device also allowed for the collection of samples
over time which is limited in the most common SCFA analysis techniques that use fecal
samples. The data also reiterated the sex-based differences in microbiome by showing the
disparities in SCFA production. Information gained supports the development of a
baseline for male and female mouse gut effluent so that the impact of drug dosage or
tissue environment in the MOD can be monitored.
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APPENDIX D — Supporting Information for Appendix C: :H-NMR Profiling
of Short-Chain Fatty Acid Content from a Physiologically Accurate Gut-on-
a-Chip Device

Table of Contents

Figure D.1. Representative full tH-NMR (400 MHz, D-0O) spectra for murine tissue
effluent using CPMG pulse sequence with presaturation. Inset is the region of interest,

0.5 to 2.5 ppm.

Table D.1. tH-NMR signals for short-chain fatty acids in CTS Neurobasal-A Medium

with B27 supplement and HEPES buffer.

Figure D.2. Partial least squares discriminant analysis (PLS-DA) demonstrates clear
separation of each tissue side as well as the gradient to no gradient O- conditions
supporting the importance of physiologically accurate O levels to the metabolite profile.

(n = 5 for all except O2 gradient — serosal where n = 4).

Figure D.3. Resulting 10-fold cross validation for the PLS-DA shown in Figure D.2 of

Appendix D. Star indicates the best classifier for the data.

Figure D.4.'H-NMR (400 MHz, D-O + H-0) average (n = 3) spectra for mucosal effluent
from male and female mouse colon explants in MOD under physiologically relevant O-

gradient.
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Figure D.1. Representative full tH-NMR (400 MHz, DO + H-0) spectra for murine
tissue effluent using CPMG pulse sequence with presaturation. Inset is the region of
interest, 0.5 to 2.5 ppm.

Table D.1. tH-NMR signals for short-chain fatty acids in CTS Neurobasal-A Medium
with B27 supplement and HEPES buffer.

Short-chain fatty acid Signal (ppm)

o]
a )L a: 61.96, singlet
HsC OH

Acetic acid

i a: 60.81, triplet
b
a ¢ b: 61.49, sextet
HaC OH

Biityisoacid c: 62.22, triplet

O -~ .
" a: 60.96, triplet
HiC b
OH b

: 82.08, quartet

Propionic acid

o]
a a: 01.30, doublet
HaC b
OH
OH b: 64.25, quartet

Lactic acid
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Figure D.2. Partial least squares discriminant analysis (PLS-DA) demonstrates clear
separation of each tissue side as well as the gradient to no gradient O- conditions
supporting the importance of physiologically accurate O- levels to the metabolite profile.
(n = 5 for all except O2 gradient — serosal where n = 4).
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Figure D.3. Resulting 10-fold cross validation for the PLS-DA shown in Figure D.2 of
Appendix D. Star indicates the best classifier for the data.
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Figure D.4. :H-NMR (400 MHz, D-O + H20) average (n = 3) spectra for mucosal

effluent from male and female mouse colon explants in MOD under physiologically
relevant O- gradient.

144



